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Hypertension is the leading risk factor for the development of cardiovascular disease
(CVD). Physical activity (PA) is beneficial for preventing hypertension and decreases risk of
mortality and CVD. The purpose of this thesis was to study the relationships between PA,
blood pressure (BP), and how they act to impact mortality and CVD development.
A systematic review examined the impact of PA on mortality in patients with high
BP. Six articles evaluating over 90,000 participants were identified. C and all-cause
mortality were shown to be inversely related to PA in all studies. Individuals with high BP
who participated in any level of PA had a reduced risk of CVD mortality, and greater than
two-fold increased risk of mortality was noted for inactive individuals.
The second study specifically examined the main and interaction effects of different
levels of PA and BP on both fatal and non-fatal CVD events, and mortality in the Scottish
Health Survey. We found a significant interaction effect between PA and BP on CVD such
that doing any level of activity for the BP groups <160 mmHg reduced risk of CVD; in those
with syst
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The third study evaluated the causal relationships between PA, BP, and mortality and
Major Adverse Cardiovascular Events (MACE) using the Honolulu Heart Program.
Advanced statistical models (i.e., Marginal structural models) were used to estimate the
separate causal relationships of PA and BP on mortality/MACE, and the causal relationship
of PA on BP. Being active was associated with reduced risk of mortality and MACE. BP
was shown to have a dose-dependent relationship with all-cause mortality and MACE
(increased BP increased risk of events). Active participants showed a reduced BP (~2.5
mmHg). Being physically active is associated with better outcomes and that BP may be a
mediator of this relationship.
The findings from this thesis suggest a causal relationship between greater PA and
lower BP, and that high PA acts with low BP in reducing the risk of mortality and
cardiovascular events. This outcome supports engagement in physical activity for longevity
and maintenance of healthy blood pressure.
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1CHAPTER 1 | INTRODUCTION
2GENERAL INTRODUCTION
HYPERTENSION
Hypertension represents the highest proportion of attributable mortality amongst all
global risk factors and is a large burden to health care systems worldwide.(1-3) Reports
from 2003 and 2004 indicated that 27% of the Canadian population was affected by
hypertension and the prevalence was higher in men (31%) when compared to women
(24%).(4, 5) More recent data from the Canadian Health Measures Survey demonstrated
that nearly one-fifth of Canadian adults (20-79 years old) have hypertension and that the
prevalence of hypertension increases with age for both sexes.(6) Yet, a Canadian
retrospective population-based study, that included 26 million Canadians, found that
despite decreased incidence of hypertension over ten years (1998-2008), the prevalence of
hypertension was increasing.(7) In 2010, the health care costs Canada attributed to
hypertension were estimated at $13.9 billion (CAD), and they are projected to increase to
$20.5 billion (CAD) by the year 2020.(8) Thus, hypertension affects a large portion of the
population and is a huge public health burden.
While only a small portion (~ 2-5%) of patients can identify their hypertension as a
secondary effect of adrenal or renal disease (i.e., secondary hypertension), the remaining
majority of patients having essential hypertension, which has no singular attributable
cause.(9) Many physiological factors have been linked to the etiology of hypertension,
including the renin-angiotensin system, the autonomic nervous system (ANS), endothelial
dysfunction, vasoactive substances, insulin sensitivity, as well as genetic factors, and
3behavioural factors.(9, 10) There is also an association between arterial pressure and
inflammatory cytokines which may additionally interact with these other factors.(11)
Hypertension is also strongly associated with other co-morbidities, for example
obesity,(12) and increased blood pressure (BP) is directly related to a higher risk of stroke,
ischemic heart disease, and all-cause mortality (13).
The key elements to managing hypertension are first and foremost appropriate
measurement of blood pressure and subsequently, proper diagnosis. Each year the Canadian
Hypertension Education Program updates evidence-based recommendations for blood
pressure measurement and diagnosis criteria for hypertension, as well as prevention and
treatment of hypertension.(14) Various devices have been validated and recommended for
use for different types of methods of BP measurement.(15) These methodologies include
office BP measurement (by auscultation or automated), ambulatory BP monitoring, and
home BP monitoring. Whilst it is beyond the scope of this thesis to evaluate blood pressure
measurement techniques and protocols, it is important to acknowledge and understand that
these updates are essential in the process of hypertension diagnosis and care. For example,
evidence has shown that poor adherence to proper auscultatory protocol for office blood
pressure measurement often over-estimates blood pressure compared to automated devices,
which can result in improper diagnosis and possibly unnecessary (or misuse of)
pharmacological treatment to achieve target blood pressure.(16, 17) In contrast to clinical
practice, most research studies normally have well defined higher quality protocols for
assessing blood pressure.(17) However, it should be noted that these protocols often differ
to some degree and that these difference may have implications for the interpretation of the
4results. For example, study protocols may vary in the number of measurements taken or
have different operators taking measurements, taking measurements from one arm vs. both
arms, etc., all of which are factors pertinent to the accuracy of blood pressure
measurement.(18) Also, some studies will use a self-report of physician reported
hypertension diagnosis or prescription of hypertensive medications to define the presence
of hypertension as this is convenient when using large samples. It is important to bear in
mind these differences when interpreting reported results.
Cut-offs for blood pressure classification and target blood pressure vary between
organizations.(19-21) Despite nuances in the classification of stages or grade of
hypertension, these is concurrence that a standard office-like measurement of 140/90
mmHg is the blood pressure cut-point for non-comorbid hypertension.(20, 21)
PHYSICAL ACTIVITY
Habitual leisure time physical activity has been associated with a reduction in all-
cause mortality in both men and women.(22) For example, in one of the first studies of its
kind, data from Harvard alumni showed that those who engaged in regular physical activity
lived over a year longer than their sedentary counterparts.(23) Furthermore both leisure
time physical activity and occupational activity have shown similar results with respect to
reducing risk of death from ischemic heart disease.(24) A review of 44 papers concluded
that the volume of physical activity and all-cause mortality are related in an inverse, linear
5dose-dependent manner.(25) However, some data suggests that moderate intensity exercise
is as good, if not better, than high intensity for certain conditions.(26)
Part of the problems of disentangling the physical activity intensity-outcomes
relationships is tied to the type and quality of measurement of physical activity.
Researchers have extensively studied and compared various subjective and objective
measurement tools in order to enhance the quality of data collection and optimise our
understanding of the optimal pattern of physical activity.
Subjective Measurement of Physical Activity.
Traditionally, the most common way to assess physical activity has been via the use
of subjective measures. Subjective measures mainly include self-report of physical activity,
through recall questionnaires, structured interview, or physical activity diaries. Although
such methods of data collection are convenient and inexpensive for acquiring information
from large cohorts, they can be somewhat burdensome and time consuming for the
participants. One key flaw of self-report measures of physical activity is that any
information collected is subje
health, mood, depression, and other psychological factors.(27) Another limitation is the
difficulty of these tools to accurately determine specific exercise parameters; frequency,
duration, intensity, and volume. These elements are important for determining the optimal
p
Elimination of semantic descriptions of exercise intensity and simplification of the
language used in self-report measures to describe the physiological changes related to
6exer
interpretation.(28) However, some studies have shown that subjective measures more
accurately reflect vigorous physical activity as compared to light or moderate activities.(29-
31) It has been suggested that a mix of methods measuring physical activity, fitness and
sedentary time may be advantageous for assessing cardiometabolic risk.(32) Each method
of data collection has both pros and cons in terms of cost, resource requirements, patient
burden, etc. As such, it is difficult to determine which method should prevail. Researchers
should pick the most appropriate methods to answer their research questions within their
limits of time, money, and manpower.
Physical Activity and Blood Pressure
Current guidelines recommend regular physical activity as a preventative measure
and a first-line non-pharmacological treatment for hypertension.(2, 20, 33-35) These
recommendations are built form a wealth of evidence that has been accumulated over the
last 40 years. For example, recent meta-analyses examining the BP-reducing effect of
chronic aerobic exercise training in randomized controlled trials (RCTs) have shown
positive results, with an overall decrease of approximately 3-4 mm Hg for SBP and 2-3 mm
Hg for DBP.(36, 37) A meta-analysis of epidemiological studies consistently found
physical activity and risk of hypertension was inversely related, in a dose-dependent
manner.(38)
7As previously mentioned, low physical activity and high blood pressure are
associated with a greater probability of all-cause mortality and CVD events.(39) Though
there is an abundance of literature demonstrating the blood pressure lowering effects of
physical activity and exercise, the links between these relationships and longer-term health
outcomes have not been extensively studied. There is uncertainty about the mechanisms by
which both physical activity and blood pressure impact CVD and mortality despite the
associations previously reported. For example, are there mortality and CVD benefits of
increased physical activity in patients with hypertension? A question which has never been
systematically assessed within the literature. If there are benefits in this kind of population,
are these benefits equivalent to normotensive individuals, or does one group gain more
from engaging in physical activity? Although certain patterns of physical activity are
associated with higher cardiorespiratory fitness, which in turn are related to mortality, there
is debate about whether physical activity or cardiorespiratory fitness is a better indicator of
health,(40, 41) Keeping this in mind, Blair and colleagues have shown that men with higher
cardiorespiratory fitness have a decreased risk of mortality, and this is true for both
normotensive and hypertensive individuals.(42) To our knowledge, no single study has
simultaneously assessed the physical activity-outcomes relationship across blood pressure
groups and hypertension status.
Though there is a multitude of RCT data showing blood pressure reductions to
increased physical activity, none of the studies have been powered to look at mortality or
CVD outcomes.(37) Thus, assumptions regarding the causal role of physical activity to
reduce blood pressure and subsequently influence CVD and mortality are purely
8speculative. When we consider the existing epidemiological studies on physical activity and
hypertension, few have considered this relationship in the context of causal mechanisms to
reduce outcomes (CVD and death).(39, 43) However, advanced statistical techniques
applied to complex epidemiological studies which include multiple follow-up measures,
can allow us to gain perspective on causal relationships. For example, Marginal structural
models (MSM) can adjust for time-varying confounders using inverse-probability
weighting.(44) This class of statistical models allows researchers to draw causal inferences
from observational data. Given the information above, it is clear that there is still much we
do not understand about how physical activity and blood pressure interact to reduce overall
mortality and cardiovascular disease development.
Of note, several meta-analyses have been conducted on the theme of resistance
training and BP.(45-47) Cornelissen et al.(46) found a decrease of 3.9/3.9 mm Hg in
participants with normal or prehypertensive BP as well as a decrease of 4.1/1.5 mm Hg in
hypertensive individuals who participated in dynamic and isometric resistance training.
However, several methodological details of Cornelissen et al.(46) meta-analysis should be
considered when interpreting these findings. As previously noted, the study included trials
that did not focus on BP as a primary end point and also included isometric handgrip
exercise.(47, 48) The inclusion of studies where BP is not the primary end point is
potentially problematic, because meta-analyses that do not exclusively consider primary
outcomes are more likely to be subject to outcome reporting biases which can influence
effect estimates.(49-51) In our own meta-analysis evaluating the impact of resistance
training on blood pressure (Appendix E, (47)) we addressed some of the methodological
9issues of Cornelissen et al.(46). Most notably, we included only studies which focused on
change in resting blood pressure as the main outcome of interest, and, in addition, we
excluded isometric resistance training trials. The results showed a significant decreased of
~ 2 mmHg in DBP, but no significant change in SBP.(47) These results are less optimistic
than those of Cornelissen et al.(46) in that resistance training was not shown to have a
blood pressure lowering effect. Given the inconclusive nature of the relationship between
resistance exercise and blood pressure, the current thesis only focuses on aerobic exercise.
AIMS, OBJECTIVES, & HYPOTHESES
Though studies have evaluated the associations between physical activity, blood
pressure, and mortality, none have formally examined the causal relationships. Thus, the
ultimate aim of this thesis was to investigate the causal relationships between physical
activity, blood pressure and all-cause mortality and cardiovascular disease development.
In order to evaluate the existing literature on this theme, we have conducted a
systematic review of literature. In doing so, we not only acquire a sense of how these
variables relate, but we can also identify gaps in the literature and assess the quality of the
publications in a methodically sound scientific manner.
Objective #1: To systematically review the existing literature exploring the relationship(s)
between physical activity and mortality (all-cause and cardiovascular) in patients with high
blood pressure.
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Based on the findings from the systematic review, we designed the subsequent studies to
address shortcomings of the published literature. For example, the studies assessed in the
systematic review were all designed using association models and did not including any
interactions between physical activity and blood pressure. Also, most studies looked at only
two levels of physical activity (active vs. inactive). Moreover, none of the studies included
cardiovascular events as their outcome; only cardiovascular deaths. In an attempt to resolve
some of these limitations we designed the second study, an analysis of the Scottish Health
Survey.
Objective #2: To examine the main and interaction effects of physical activity and blood
pressure/hypertension status on all-cause mortality and fatal and non-fatal cardiovascular
events;
Our hypotheses for this objective were that there would be:
2a) A main effect of physical activity on both all-cause mortality and cardiovascular events
such that increasing physical activity would decrease risk of both outcomes.
2b) A main effect of (systolic and diastolic) blood pressure on both all-cause mortality and
cardiovascular events, demonstrating a direct and dose-dependent relationship, such
that increased blood pressure would be related to increased risk of both outcomes.
2c) An interaction effect between physical activity and blood pressure on both all-cause
mortality and cardiovascular events, indicating a multiplicative effect, such that higher
levels of physical activity and lower levels of blood pressure would lead to the greatest
reductions in risk of mortality and CVD events.
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After investigating the interactions between physical activity and blood pressure and
assuming that our hypotheses were correct, the next step was to hone in on the potential
causal relationships pertaining to mortality and CVD. In order to do so, we designed the
next study using a dataset with measurements of physical activity, blood pressure, and
covariates at different time points. This allowed us to incorporate the time-varying element
of physical activity and blood pressure in order to evaluate the evolution of their
relationship with respect to mortality and cardiovascular events.
Objective #3: To investigate the causal relationship between (a) physical activity and blood
pressure; (b) physical activity and all-cause and cardiovascular mortality; and (c) blood
pressure and all-cause mortality and cardiovascular mortality;
Our hypotheses for this objective were that:
3a) Physical activity would demonstrate a negative causal relationship such that increased
physical activity would decrease blood pressure.
3b) Physical activity and both all-cause and cardiovascular mortality would demonstrate
causal relationship such that increasing physical activity would decrease risk of both
outcomes.
3c) Blood pressure and both all-cause and cardiovascular mortality would demonstrate
causal relationship such that increase blood pressure would increase risk of both
outcomes.
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ABSTRACT
Physical activity has been shown to be beneficial for the prevention and
management of hypertension. In the general population, physical activity has been shown to
decrease mortality. Purpose: The purpose of this systematic review was to identify and
synthesize the literature examining the impact of physical activity on mortality in patients
with high blood pressure (BP).Methods: An extensive search was conducted by two
independent authors using Medline, Embase and Cochrane Library electronic databases
(between 1985 and January 2012) and manual search from the reference list of relevant
articles. Inclusion criteria were as follows: (1) longitudinal design with minimum 1 year
follow-up; (2) hypertensive status of the cohort was indicated; and (3) BP, physical activity,
and mortality were measured. Results: Six articles evaluating a combined total of 48,448
men and 47,625 women satisfied the inclusion criteria. Cardiovascular and/or all-cause
mortality were shown to be inversely related to physical activity in all studies. For example,
patients with high BP who participated in any level of physical activity had a reduced risk
(by 16%-67%) of cardiovascular mortality, while a greater than two-fold increase in risk of
mortality was noted in non-active individuals. However, activity classification and
parameters, such as frequency, duration, intensity, and volume, as well as blood pressure
status were not consistent across studies. Conclusions: Regular physical activity is
beneficial for reducing mortality in patients with high BP. More research is needed to
establish the impact of specific kinds of physical activity and whether any differences exist
between sexes.
Keywords: Physical Activity, Mortality, Blood Pressure, Hypertension, Systematic Review
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INTRODUCTION
Hypertension represents the highest proportion of attributable mortality amongst all
global risk factors and is a large burden to health care systems worldwide.(1, 52) There
exists a strong, direct relationship between blood pressure and risk of stroke mortality,
ischemic heart disease mortality, and all-cause mortality.(13)
Current guidelines recommend regular physical activity as a preventative measure
and a first-line non-pharmacological treatment for hypertension.(20, 33, 53) Habitual
leisure time physical activity has been shown to reduce all-cause mortality in both men and
women.(54) A study of Harvard alumni showed that those who engaged in regular physical
activity lived over a year longer than their sedentary counterparts.(23) Furthermore both
leisure time physical activity and occupational activity have shown similar results with
respect to reducing risk of death from ischemic heart disease.(24) A review of 44 papers
concluded that the volume of physical activity and all-cause mortality are related in an
inverse, linear dose-dependent manner.(55) Researchers have also shown that
cardiorespiratory fitness, measured by maximal exercise stress testing, is related to
mortality.(56) Of note, Blair and colleagues have shown that this is consistent for both
normotensive and hypertensive men, in that men with higher cardiorespiratory fitness have
a decreased risk of mortality.(42) Moreover, participation in aerobic(36, 57) or
resistance(45, 46) exercise can lead to modest reductions in blood pressure.
Despite the available literature to support the benefits of physical activity on blood
pressure and mortality in the general population, it is not clear whether these benefits
translate to decreases in cardiovascular or all-cause mortality specifically in patients with
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high blood pressure. Therefore, the purpose of this systematic review is to present the
results of prospective longitudinal studies exploring the effect of physical activity on
mortality (cardiovascular and all-cause) in patients with high blood pressure.
METHODS
The present systematic review was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.(58)
The literature search was conducted using the Medline, Embase and Cochrane Library
electronic databases and manual search from the reference list of relevant articles. Records
were identified using standardized search terms. The Medline search strategy, as seen in
Table 2.1, was adapted according to the respective indexing systems for the Embase and
Cochrane Library databases. No previously established review protocol exists for this
theme. English language longitudinal studies collecting data from human samples,
published between the beginning of January 1985 and the end of January 2012 were
considered, without any other limitations. The search and screening phases were conducted
independently by two authors (AR and AD) with the help of two medical librarians; one
from McGill University (AL) and the other one from Concordia University (DK). Any
discrepancies were resolved through consensus. All the authors participated in the final
selection of the included studies. Data was extracted by one author (AR) using an electronic
form and checked for accuracy (AD). All authors have reviewed the extracted data.
Variables of interest included: study and participant characteristics (e.g., length of follow-
up, age, etc.), blood pressure and physical activity measurement tools and classification
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schemes, method of mortality and cause of death verification, cardiovascular and all-cause
mortality hazard ratios as well as study-specific covariates.
Retrieved records were retained if they fit all of the following criteria: (1)
longitudinal design with a minimum 1 year follow-up; (2) adult participants (>18 years of
age) had high blood pressure or hypertensive status was indicated; and (3) blood pressure,
physical activity and cardiovascular or all-cause mortality were measured.
Risk of bias was evaluated in the selected studies using a modified version of the
Downs and Black(59) tool so that only questions pertinent to prospective cohort studies
were retained. This same method has been used previously.(60, 61) Thus 15 of the original
27 items (reporting: 1-4, 6, 7, 9, 10; external validity: 11-13; internal validity: 16-18, and
20) were considered for a possible total score of 15, where a higher score indicates better
quality publication. Additionally, funnel plots were used to evaluate publication bias. In
cases where group sample sizes were not detailed in the original article, efforts were made
to contact the authors by telephone and email; however, identifying current contact
information was not always possible.
A meta-analysis would have allowed us to quantify the overall effect of physical
activity on mortality in this population. However, there was substantial a lack of
consistency in the reporting of physical activity, whereby each study was classified in a
different manner according to varying criteria in the self-report questionnaires, which made
formal statistical analysis impractical. For instance, some studies classified physical activity
groups according to the number of steps or city blocks walked each day, whereas other




A total of 3, 217 records were retrieved (see Figure 2.1). Of the 26 full-text
articles(23, 39, 42, 43, 54, 56, 62-81) evaluated for eligibility, 20 were eliminated for the
following reasons; in one article(65) the analysis was based on a sub-sample of a larger
trial(73) included in the systematic review, two articles(42, 76) did not measure leisure time
physical activity (only fitness or work activity were evaluated), and the remaining 17
studies(23, 54, 56, 62-64, 66-70, 74, 75, 77, 79-81) reported collecting data relating to
blood pressure, physical activity, or mortality, but they did not evaluate the relationship
between the three variables. Usually, physical activity and blood pressure were considered
covariates in these reports. Thus, six studies were identified. Table 2 describes the
characteristics of these studies. Altogether these studies evaluated 48, 448 men and 47, 625
women for a total of 96, 073 adults. Of the six studies, two considered only male
participants (43, 71) and the remaining four included both men and women.(39, 72, 73, 78)
Only three studies (39, 73, 78) reported results for men and women separately. The cohorts
originated from Northern Europe (Denmark, Sweden, Iceland, Norway, Finland and the
United Kingdom) or the United States of America. Medication usage was only indicated for
the Losartan Intervention for Endpoint (LIFE) trial.(73) None of the other studies reported
the type of medications, apart from stating that subjects using blood pressure lowering
drugs were included and classified as hypertensive. Vatten et al.(39) stated that participants
with specific co-morbidities were excluded, including patients using antihypertensive
medications. Exclusions were also specified for the LIFE trial recruitment.(73) By design,
the LIFE cohort also had left ventricular hypertrophy.(73) The National Health and
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Nutrition Examination Survey I (NHANES I) report by Fang and colleagues (72) and LIFE
trial, reported by Fossum et al.(73) were the only reports to include alcohol consumption
and race/ethnicity; additionally NHANES I considered diet and socioeconomic measures in
their model for analysis.
Amongst the articles selected are several sub-analyses of larger trials.(43, 72, 73,
78) In cases where information regarding the methods of blood pressure measurement,
physical activity assessment, or mortality was not available in the text, the reference list or
original publications were consulted.
Blood Pressure
Classification: According to the design of this review, each of the selected
publications evaluated patients with high blood pressure; however, the criteria used to
diagnose hypertension varied between studies. Engström et al.(71) used cut-off values of
ly, or
self-reported use of anti-hypertensive medication. Fang et al.(72) and Hu et al.(78)
established their own respective classification schemes (see Table 2.2). Fossum et al.(73)
selected participants based on their blood pressure following 2 weeks of placebo treatment.
If systolic blood pressure ranged between 160-200 mmHg and/or 95-115 mmHg they were
classified as hypertensive and included in the cohort. In contrast, Vatten et al.(39) excluded
subjects who reported using blood pressure lowering medications prior to entering the
study. The authors established four categories for systolic (<120 mmHg, 120-139 mmHg,
140-159 mmHg, >160 mmHg) and diastolic (<80 mmHg, 80-89 mmHg, 90-99 mmHg,
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Paffenbarger et al.(43) stated that all participants were hypertensive, however they did not
describe what blood pressure threshold level or criteria were used to define high blood
pressure.
Measurement: Details for the measurement of blood pressure can be found in Table
2.3. Three studies(39, 71, 72) reported measuring blood pressure with a manual
sphygmomanometer according to a defined protocol.(82) Engström et al.(71), Fossum et
al.(73, 83, 84) and Fang et al.(72) specifically reported the patients to be in a seated
position; however Paffenbarger et al.(43) and Vatten et al.(39) did not describe the posture
of the participants. The LIFE trial reports indicate a standardized protocol was used to
measure blood pressure.(83, 84) Hu et al.(78, 85) described all but one of their multiple
sites to have measured blood pressure in the seated position; this single site evaluated
patients in a recumbent position.(85) Although the method of blood pressure measurement
was consistent within each participating site, the World Health Organization Multinational
Monitoring of trends and determinants in Cardiovascular disease (MONICA) blood
pressure assessment document(85) explained that both random-zero sphygmomanometers
and simple sphygmomanometers were used. Details regarding measurement of blood
pressure in the University of Pennsylvania College Alumni cohort(43) were not available.
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Physical Activity Assessment
Classification: At baseline, the LIFE cohort(73) classified participants as sedentary
based on responses to their questionnaire. Engström et al.(71) conducted structured
interviews and following an initial classification (almost completely inactive, some, regular
and regular hard activity) they collapsed the groups into non-vigorous (i.e., inactive and
some activity) and vigorous (i.e., regular and regular hard activity) groups. Fang et al.(72)
exercise in
(78)
qualified their occupational and leisure time physical activity as low, moderate, or high
based on descriptors given for each respective type of physical activity. Additionally,
commuting physical activity was classified as motorized, walk/cycle < 30 min or
walked per day, number of stairs climbed daily and the type and frequency of sport or
recreational activities, Paffenbarger et al.(43) calculated a physical activity index which
estimated the amount of kilocalories expended per week. However, for this analysis they
only used a classification scheme according to level of sport participation. Vatten et al.(39)
collected subjective information on the frequency of exercise, average duration of each
session, activity intensity and based on responses graded participants into the following
hierarchy: no activity, low, medium and high. Engström et al.(71) and Fang et al.(72) used
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descriptive categories, whereas the remaining studies attempted to quantify physical
activity by time(39, 73, 78) or by type and frequency of exercise.(39, 43)
Measurement: Information regarding physical activity was obtained through self-
report in all studies. Engström et al.(71) conducted interviews with their participants,
whereas all other studies reported using questionnaires.(39, 43, 72, 73, 78) General and
leisure time physical activity were the main types of activity considered; however, Hu et
al.(78) also collected information specifically relating to occupational and commuting
physical activity (these results are not presented here). Each study established a
classification scheme for activity levels (see Table 2.3).
Follow-up and Mortality
The length of follow-up ranged from almost 5 years up to 24 years. Cardiovascular
mortality(39, 71-73, 78) and all-cause mortality(43, 71-73) were evaluated in the selected
studies. Most studies obtained a confirmation of death through their respective national
registries or official documentation.(39, 71, 72, 78, 86) No information was provided
regarding how mortality data was acquired for Paffenbarger et al.(43)
The results from each study (all based on multivariate analyses) as well as the
variables included in the respective statistical models are illustrated in Table 2.4. In
hypertensive patients who engaged in vigorous physical activity (i.e., regularly active +
regular hard activity), Engström et al.(71) found a significant lower risk of all-cause
mortality (relative risk (RR)= 0.43, 95%CI: 0.22, 0.82) and cardiovascular mortality (RR=
0.33, 95%CI: 0.11, 0.94) when compared with hypertensive patients who did not engage in
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vigorous physical activity. The same authors found that level of physical activity did not
make a difference in mortality amongst normotensive participants.(71) Fang et al.(72)
showed that patients with pre-hypertension who were active <30 minutes/day (HR= 0.79,
95%CI: 0.65, 0.97), but not those with higher levels of physical activity (HR=0.93, 95%CI:
0.74, 1.18), had a decreased risk of all-cause mortality. In hypertensive patients, active
individuals had a 14-20% lower risk of cardiovascular death and similarly 12-17% lower
all-cause mortality risk compared to their least active counterparts.
Overall, the active group from the LIFE(73) sample had a significant decrease in
cardiovascular mortality compared to the sedentary group. A non-significant decrease of
the sedentary groups, active men (HR=0.45, 95%CI: 0.33-0.61) and women (HR=0.55,
95%CI: 0.38-0.79) had a r
minutes/week of physical activity also had lower risk of cardiovascular mortality
(HR=0.65, 95%CI: 0.47-0.90); however, there was no difference for moderately active
women. Similar results were observed for all-cause mortality.
Hu et al.(78) demonstrated that hypertensive patients who engaged in moderate
(some activity > 4 hrs/wk) or high (vigorous activity > 3 hrs/wk) levels of leisure time
physical activity had a graded lower risk of cardiovascular death than those who engage in
the lowest category of leisure time physical activity. Of note, similar results were observed
in separate analyses for both sexes. Men and women who engaged in moderate activity had
a 16% and 22% lower risk of cardiovascular mortality, respectively. Likewise, the most
active groups showed further reductions in risk, totalling 27% and 26% decreased risk of
cardiovascular death for men and women, respectively. The results from the University of
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Pennsylvania College Alumni cohort indicated that hypertensive patients who engaged in
combined light and vigorous sport participation had a 27% reduced risk of all-cause
mortality.(43) Additionally, Paffenbarger et al.(43) found that the men who engaged in only
vigorous sport participation displayed a 37% decrease in all-cause death. No decrease in
mortality was observed with participation in only light activities.(43)
An extensive analysis by Vatten et al.(39) stratified risk across four categories of
blood pressure and four levels of physical activity for both men and women, systolic and
diastolic blood pressure alike, ultimately showed that regular physical activity was
beneficial for patients with moderate hypertension in terms of lowering cardiovascular risk.
Generally, the data displayed a pattern of increased risk with increasing blood pressure
categories (systolic and diastolic) and decreasing levels of physical activity. The
participants in the highest blood pressure group (systolic blood pressure >160 mmHg) who
were inactive displayed greater than double the risk (men: RR 2.24, 95%CI 1.78, 2.83;
women: RR 2.41, 95%CI 1.76, 3.30) of cardiovascular mortality compared to very active
participants with lower blood pressure. Thus, all 6 studies have shown an inverse
relationship between physical activity and cardiovascular or all-cause mortality.
Risk of Bias Assessment & Publication Bias
The results of this evaluation can be found in Table 2.2. Final scores ranged
between 8 and 13 (mean ± standard deviation: 11.4 ± 1.9, median= 12). Four reports
an average of 7/8 questions receiving full points. The studies received poor scores for
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external validity (average 1 point out of 3). Information regarding the representativeness of
the sample was generally unavailable. Additionally, whether or not the type of care
provided was typical for the patients was not addressed. Three of the four questions
assessing internal validity were given full points for each article. Where appropriate, most
studies did indicate if analysis was adjusted for the length of follow-up. There was no
discernable difference in reported outcome between the high- and low-scoring studies.
Figure 2.2 is a funnel plot of sample size and log HR for all studies which provided
individual group sample sizes(39, 71-73, 78). Generally, the sample sizes for each group
varied (lowest n= 31, highest n= 7689). Overall there is no recognizable difference in
symmetry for both cardiovascular and all-cause mortality, which suggests the absence of
publication bias.
DISCUSSION
This systematic review examined the impact of physical activity on cardiovascular
and all-cause mortality in patients with high blood pressure. An extensive literature search
yielded 6 studies which addressed this question in prospective cohorts. Overall, the studies
indicated that physical activity was inversely related with mortality in hypertensive
patients, meaning patients with hypertension who were more active showed a lower
cardiovascular (16-67% decrease) and all-cause (17-57% decrease) mortality. The results
indicated that inactive men and women with high systolic blood pressure had more than
double the risk of cardiovascular death.
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Mechanisms
Physical activity has been shown to have an inverse relationship with blood
pressure, as well as other cardiovascular disease risk factors and mortality in the general
population.(23, 54, 87) Previous studies examining physical activity have demonstrated up
to nearly 40% decreased risk of mortality in women and 35% decreased risk in men across
all age groups.(54) The results of this systematic review also showed that this statement is
true for patients with elevated blood pressure and/or hypertension. However, the
mechanisms by which physical activity may exert this effect remain unclear. Meta-analyses
have indicated that regular aerobic exercise(36, 57, 88) and resistance training(45, 46)
decrease blood pressure between 2-6 mmHg. Similar modest decreases in blood pressure
have been shown to decrease risk of cardiovascular events and cardiovascular mortality(89)
by magnitudes comparable to those observed with physical activity in this review. Thus it is
possible that the blood pressure lowering effect of regular physical activity and exercise can
account for decreases in cardiovascular and all-cause mortality. Yet, the effects of physical
activity on mortality may be concomitantly exerted through the reduction of other
cardiovascular risk factors, e.g., improved glucose tolerance,(90) lower body mass
index,(91) reduced platelet activity,(92) and reducing risk of co-morbid diseases, e.g., type
2 diabetes mellitus.(93) A review by Arakawa(35) highlighted changes in total peripheral
resistance and a decrease in plasma volume and/or cardiac index as possible mechanisms,
amongst several others, though there is not enough evidence available to draw strong
conclusions. Fagard and colleagues(94) have also suggested a decrease in vascular
resistance, driven by the sympathetic nervous system and renin-angiotensin systems, as the
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main mechanism by which aerobic exercise reduces blood pressure. Patients with different
types of hypertension, e.g. essential hypertension vs. preeclampsia, have an altered
inflammatory profile.(95, 96) The sympathetic nervous system and renin-angiotensin
system are impacted by anti-inflammatory (e.g. interleukin-6, IL-6) and pro-inflammatory
(e.g. tumor necrosis factor- TNF- markers (11) Moreover, IL-6 and TNF- can affect
endothelial cells and alter vascular function,(11) which is also implicated in the
pathogenesis of hypertension.(97) Physical activity has been shown to improve endothelial
function(98) even in clinical populations, for example, those with obesity,(99) coronary
artery disease,(100) or exaggerated inflammation.(101) Thus these pathways may mediate
the benefits of physical activity on blood pressure and mortality.
Other measures of arterial health, for example arterial stiffness which are inversely
related to mortality(102) are also improved with exercise.(103) Improvements have also
been observed in hypertensive patients after 4 weeks of aerobic exercise training.(104)
Additionally, women who participate in regular physical activity are protected against the
typical increases in arterial stiffness seen with aging.(105) Thus the benefits of physical
activity in mediating the relationship between blood pressure and mortality are likely a
result of changes in cardiovascular risk factors and overall arterial health. Nevertheless,
evidence from the eligible reports suggests that physical activity can be employed for the
primary prevention and management of hypertension and reducing risk of mortality.
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Sex Differences
Amongst the six eligible studies, four included women in their sample populations
and of those only three indicated risk for men and women separately.(39, 73, 78) The
findings from all studies indicated that physical activity is protective for both men and
women with elevated systolic or diastolic blood pressure. These benefits are similar in
magnitude for both sexes, where highly active men gain between 27% and 45% reduced
risk of cardiovascular mortality and women approximately 26%-55% reduced risk.
Correspondingly, inactive men with elevated blood pressure have more than double the risk
of cardiovascular mortality whereas the risk for women is almost two and a half times that
of the active women with lower blood pressure. However, little to no consideration was
given to potential differences between sexes in the remaining cohorts. Sex-related
differences are especially important to consider given that the average age of participants
ranged from 20-66 years old and blood pressure has been shown to differ between men and
women across the lifespan.(106, 107) Through adulthood, women typically have lower
blood pressure levels than men.(106, 107) However, during menopause and subsequently
throughout the following decades, there is a shift in this trend, whereby the difference in
incidence of hypertension between sexes narrows and is eventually higher in women.(106,
107) Additionally, age-adjusted comparison of the three phases of the NHANES survey has
indicated that prevalence of hypertension tend to be higher in adult women compared to
adult men.(108) Also, from 1988 to 2000 the change in prevalence increased in women to a
greater extent than in adult men.(108) The mechanisms by which these shifts occur are not
yet understood; however hormonal changes are thought to play a significant role.(106, 107)
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Measurement of Physical Activity
The influence of the findings of these studies, or any other for that matter, rests in
the quality of the measurement tools used to acquire relevant information. In this case, we
are concerned with the quantification and classification of physical activity. Physical
activity was consistently measured by self-report, whether through questionnaires or a
structured interview.
Self-report is a poor measure of physical activity because the data collected is
depression amongst other psychological factors.(109) Despite being easy to administer,
particularly when collecting data in large cohorts, these methods do not sufficiently capture
vital information such as frequency, duration, intensity or volume of activity. Additionally,
each of the studies had defined levels of activity based on the information available from
their respective questionnaires, as opposed to standardized tools, which may not have been
available at the time of data collection. Thus, what may be considered as a high level of
activity according to one study, f (65) does
not equate with the definition of high activity in another report, e.g., vigorous activity > 3
hours/week.(78) These discrepancies make the direct comparison of results across studies
virtually impossible and make it very difficult to identify the optimal frequency, duration,
intensity, and volume of activity necessary to reduce the risk of death. Despite this
shortcoming, the results still consistently indicate that there is a decrease in risk of
mortality with increasing levels of activity, no matter how the latter are defined.
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Another important aspect to consider when assessing physical activity in large
cohorts is the age or age range of participants. Age is a determinant of activity energy
expenditure and accordingly, older adults tend to spend most of their active time engaged in
low intensity activities compared to younger age groups.(110) Measurement scales need to
be sensitive enough to perceive these patterns. It has been shown that self-report tools
validated to measure physical activity in younger adults are erroneous when used in older
populations.(111) Thus, tools need to be customized specifically for the populations in
question.
To overcome the fundamental flaws inherent in the use of self-report instruments,
researchers are now recommending and standardizing the use of objective measures of
physical activity, such as accelerometers.(112) These instruments allow for better
characterization of the key physical activity parameters; frequency, duration, intensity, and
volume(113) and if used consistently will allow for better comparison between studies.
Additionally, accelerometers or similar devices can be worn throughout the waking day and
over the course of several days, hence providing an excellent opportunity to capture not
only leisure time physical activity, but commuting and occupational activity as well. Albeit,
most of the data collected in the cohorts presented here pre-dates the advent of these new
technologies; however moving forward, this should be taken into consideration.
Measurement of Blood Pressure and Hypertension
Another point of inconsistency between the studies was the definition of
hypertension. Again, this is likely a result of the recruitment and/or follow-up periods pre-
30
dating standardized guidelines, which have since significantly evolved. However, this adds
a level of confusion when comparing the results. For example, the individuals classified as
hypertensive in the study by Engström et al.(71)
diast
hypertension according to the scheme used by Hu et al.(78) As noted in the 2007
Guidelines for the Management of Arterial Hypertension of the European Society of
Hypertension and European Society of Cardiology,(33) previous research has showed that
the relationship between systolic and diastolic blood pressure and cardiovascular risk is
linear only upwards of 110-115mmHg and 70-75 mmHg, respectively, thus creating a
somewhat arbitrary cut-off point, designating anything above this point as hypertension.
Risk of death from ischemic heart disease and stroke is linear upwards of these values and
risk of death is increased two-fold for every increase in 20 mmHg for systolic blood
pressure and 10 mmHg for diastolic blood pressure.(20) The grading of isolated systolic
hypertension adds yet another level of complexity. Established guidelines vary according to
the governing society and are continuously being revised, which has made and will
continue to make room for confusion. Though there are differences between European(33),
American,(20) and Canadian(53) guidelines it is important for researchers to follow
recognized guidelines when classifying patients in order to establish some consistency
across the literature.
The quality of blood pressure measurement, again likely subject to the era of data
collection, was relatively sufficient across the studies, although not always described in the
methods,(43, 72, 73, 78) and, ultimately, had to be obtained through other sources.(82, 83,
85) Blood pressure can vary depending on the time of day measured, the position of the
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patient, and the type of equipment used(20), as such, it is important for these details to be
specified. In the case of large cohort, multi-site trials it is important to standardize
measurement techniques and ensure all operators have been properly trained to take
accurate measurements using a standardized protocol. It may very well be that clear
standardized protocols were followed in the measurement of blood pressure in the studies
presented; however, the protocols were generally not well reported.
Limitations
Several limitations warrant consideration. Firstly, no meta-analysis was performed
here due to the heterogeneity of the identified studies. Three of the six studies ranked low
(< 12/15) in the risk of bias assessment. External and internal validity sections were
generally rated with poor scores. Additionally, the reporting of general participant
characteristics, such as age, height, weight, race/ethnicity, smoking status, alcohol
consumption, and dietary factors, which are important with respect to the prevention and
management of hypertension,(20) needs to be improved. Of the six studies selected only
one, by Fossum et al.(73), described the pharmacological agents prescribed to the
hypertensive participants. It is valuable for researchers to indicate medication usage so the
readers are aware of the other treatments administered to these patients. This should be a
standard component of reporting data for hypertensive subjects. The major limitations
regarding quantification of physical activity, blood pressure classification, and sex
differences have been discussed above. The main driving factor for this may be the period
in which these data were collected, beginning as early as 1962.(43) However, moving
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forward, this information should be considered necessary and methodological concerns
should be addressed in future studies. Lastly, all of the selected studies are observational in
nature and therefore any conclusions drawn herein do not infer causation. However, given
that all of the results of these studies favour physical activity as beneficial for minimizing
the risk of mortality related to high blood pressure, we consider this strong support for the
role of exercise. To properly judge the causative role of physical activity in minimizing risk
of mortality related to elevated blood pressure, randomized controlled trials would be
required.
CONCLUSION
of physical activity on mortality in individuals with high blood pressure. Following an
exhaustive literature search, six articles were reviewed. Overall, the results indicate that
there is an inverse relationship between physical activity and blood pressure in hypertensive
patients. More research is warranted to determine the influence of activity frequency,
duration, intensity and volume on mortality in participants with high blood pressure.
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FIGURES
Figure 2.1. Literature search results.
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Figure 2.2. Funnel plots of sample size versus log HR in 46 groups for cardiovascular
mortality (diamond markers, black lines) and 12 groups for all-cause mortality (round
markers, grey lines). Solid vertical lines represent the mean log HR and dashed vertical
lines indicate the median log HR.
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TABLES
Table 2.1. Medline search strategy.
1. Hypertension/ or hypertens*.mp.
2. blood pressure.mp. or Blood Pressure/
3. Normotens*.mp.
4. Arterial pressure.mp.
5. 1 or 2 or 3 or 4




10. resistance training.mp. or Resistance Training/
11. exercise*.mp.




16. 13 or 14 or 15










SUPPLEMENTAL MATERIALS: SYSTEMATIC REVIEW UPDATE
Below is an update to the systematic review presented herein which was published in
2012.(114)
METHODS
Using the same strategy previously described in Chapter 2, the searches were repeated in
the same databases from January 2012 (i.e., the cut-off of the previous search) until June 2015. A
total of 1,713 unique records were retrieved (see Figure 2S.1). Three publications were selected
for full-text review. Of these, only one was deemed eligible.(115)
RESULTS
The study by Brown et al.(115) is a very interesting addition to this group of literature.
The authors elaborate on previous work by further categorizing participants according to whether
their blood pressure was uncontrolled (
pressure > 90 mmHg) or controlled (<140/90 mmHg), and whether they were treated with
antihypertensive medication (treated) or not (untreated). Physical activity was classified as active
(participating in one or more bouts of at least moderate activity per week) or inactivity
(participating in no weekly physical activity). Of note, the authors only considered leisure time
physical activity.
There were no interactions observed for physical activity, pharmacological anti-
hypertensive treatment, and blood pressure control. The results of their study showed that being
physically active reduced the risk of mortality (see Table 2S.3). Having controlled blood
pressure also significantly reduced the risk of death; however being on pharmacological anti-
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hypertensive treatment was indicative of an increased risk of mortality. The results also showed
that compared to the active hypertensive treated and controlled (i.e., the target for hypertension)
referent group, the inactive participants in all the hypertensive groups (i.e., 1) treated and
controlled; 2) treated and uncontrolled; and 3) untreated and uncontrolled) all had a significantly
higher risk of mortality. Conversely, the normotensive active group had a lower risk of mortality
compared to the active hypertensive treated and controlled group. No significant difference was
noted for the inactive normotensive group compared to the referent group. Thus, the authors
conclude that their findings imply that physical activity was equally important, if not more so,
than anti-hypertensive treatment for decreasing risk of mortality in patients with hypertension,
and that prevention of hypertension was vital.
CONCLUSIONS
These findings are a very unique addition to the systematic review because of the
consideration given to pharmacological anti-hypertensive medication usage and whether or not
blood pressure was controlled. However, certain methodological concerns with regards to
physical activity classification still persist. The authors used a minimum of one bout of at least
moderate intensity physical activity per week as their cut-off to define active vs. inactive. Whilst
place these results relative to current guideline recommendations.
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Figure 2S.1. Literature search results.










Brown (2013) Hazard Ratios (95%CI)
Physically active: HR, 0.71; 95% CI, 0.66 0.78; P < 0.001
Controlled BP: HR, 0.84; 95% CI, 0.78 0.92; P = 0.004
Treated: HR = 1.29, 1.18 1.40; P < 0.001
Individual Hazard Ratios for each group were not reported, only shown
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Preamble
The findings of the systematic review indicate that there was an inverse relationship between
physical activity and mortality in individuals with high blood pressure. In order to better
understand precisely how the two factors (physical activity and blood pressure) act together to
reduce risk of mortality and CVD, we proposed to build an interaction model. Also, we
specifically sought to improve on shortcomings identified in the systematic review; e.g.,
examining physical activity volume and including CVD events in our main outcome
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ABSTRACT
Objective: the purpose of this study was to specifically examine the main and interaction
effects of different levels of physical activity and blood pressure on both fatal and non-fatal
cardiovascular (CVD) events, and mortality. Methods: Data from the Scottish Health Survey
participants recruited in 1995, 1998, and 2003 (8747 participants; age: 53.5 years, 57% women)
was analyzed. Physical activity was assessed via questionnaire and classified as <1 bout per
week, 1-4 bouts per week, or 5+ bouts per week of at least 30 minute bouts of physical activity.
Repeated resting blood pressure measurements were taken. Follow-up was censored to
December 2007. Hospitalization and cardiovascular disease history was acquired through
patient-based database. Cox proportional hazards models (with interaction term) were used to
calculate the risks of incident cardiovascular disease (fatal and non-fatal events combined) and
all-cause mortality. Results: We found main effects of blood pressure (systolic, p <0.001;
diastolic, p <0.01); however no significant main effect of physical activity was observed for
CVD. There was a significant interaction between systolic blood pressure and physical activity
(p= 0.014) such that doing any level of activity for the blood pressure groups < 160 mmHg
reduced risk of CVD; in those with systolic blood pressure
risk. A main effect of systolic blood pressure was found for mortality (p= 0.01) No main effects
for diastolic blood pressure or physical activity were noted, nor was there a significant
interaction. Conclusions: The results showed that physical activity and blood pressure do not
interact together to influence mortality. However, do interact to impact CVD development,
showing benefits of physical activity for individuals with systolic blood pressure < 160 mmHg.




Hypertension is one of the leading risk factors for the development of cardiovascular
disease (CVD) and CVD death with a strong, direct relationship between increasing blood
pressure and risk of all-cause mortality, stroke mortality and ischemic heart disease
mortality.(13)
A recent systematic review explored the relationship between physical activity, blood
pressure and (cardiovascular and/or all-cause) mortality.(114) Some of the studies included in
this review considered, for example, the effect of physical activity on mortality in only
hypertensive participants,(43, 73, 78) others compared risk of all-cause or cardiovascular
mortality between groupings of combined physical activity status and hypertension status.(71,
72) (71) evaluated risk of cardiovascular and all-cause mortality by
classifying participants by both hypertension status (normotensive vs. hypertensive) and physical
activity (vigorous vs. non-vigorous), resulting in 4 groups and using one group as the referent.
Along the same lines, Vatten et al.(39) combined four categories of blood pressure and four
levels of physical activity; thus creating 16 groups and using one group (example, systolic blood
pressure= 120-139 mmHg with high physical activity) as the referent to determine risk of
cardiovascular death.(39) Whilst the results consistently showed that regular physical activity
was beneficial for reducing mortality in patients with high blood pressure,(114) we lack a more
statistically nuanced understanding of how physical activity and blood pressure act together to
effect cardiovascular outcomes and death. Additionally, none of the studies have measured CVD
events, they have only measured risk of CVD death. Given that the risk of recurrence of
cardiovascular events following a first event remains high,(116) it is important to also consider
these non-fatal events as an outcome.
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Thus, the purpose of this study was to specifically examine the main and interaction
effects of different levels of physical activity and blood pressure on both fatal and non-fatal
cardiovascular events, and mortality.
METHODS
Study Population
Information regarding sample design and selection has been published previously.(117,
118) The population-based Scottish Health Survey (SHS) was conducted in individuals living in
households from the general population in Scotland. Different samples were surveyed in 1995,
1998 and 2003. SHS samples were selected using multi-stage stratified probability design to give
a representative sample of the target population. Stratification was based on geographical entities
and not on individual characteristics: postcode sectors selected at the first stage and household
addresses selected at the second stage. Each participant was visited twice in their homes; firstly
by an interviewer and secondly by a nurse. The overall response rate (interviewer home visit)
ranged between 60-90 % for different survey years, with 33-41 % of all eligible participants
seeing a nurse during a subsequent home visit. All participants gave informed consent. Ethical
approval was obtained from the Local Research Ethics Councils and all procedures conform with
the Declaration of Helsinki.
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Physical Activity
Physical activity was measured by questionnaire.(118) The 1998 and 2003 physical
activity self-report questionnaire asked respondents to report both frequency (days in the last 4
weeks) and duration (number of minutes per day) of participation in the following activities;
heavy housework (e.g., scrubbing flo -it-
activities/gardening (e.g., sweeping leaves, digging, building work), walking for any purpose,
and any leisure-time sports/exercises (e.g., cycling, swimming, gym, dancing, football or rugby,
racket sports). The 1995 version of the physical activity questionnaire also included duration and
frequency throughout an average week with the same domains as the 1998 and 2003
questionnaires. Duration and frequency, however, were described as categorical variables
(frequency: 5 point scale ranging from zero participation to 6-7 times/week; duration: no time to
2 hours or longer). The 1995 data was converted to continuous variables by taking the midpoint
of each category.
than 30 in order to be harmonized with the more recent data sets
and all data were converted to weekly averages.(118) The criterion validity of these questions is
supported by the results of a recent study on 106 British adults from the general population (45
men) where the output of accelerometers (worn for two non-consecutive weeks over a month
period) was compared against the questionnaire output. The questionnaire appeared to be a valid
measure of moderate to vigorous physical activity (sessions/week), intra-class correlation
coefficients were 0.47 in men (P=0.03) and 0.43 in women (P=0.02).(119) Participants were
divided into three groups according to their frequency of participation in minimum 30 minute
bouts of physical activity; less than 1 bout, 1-4 bouts, or 5 or more bouts per week.
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Blood Pressure
Three automated blood pressure measurements (Omron HEM-907 blood pressure
monitor) were taken in a seated position by a trained individual.(120) The correct cuff size was
determined for each individual. The mean of the 2nd and 3rd readings was used for the analyses
reported here. To define hypertension we used measu
anti-hypertensive medication usage.
Mortality
Follow-up data was collected from entry into the study and censored to December 2007.
Information regarding events and hospitalization with a diagnosis of CVD as early as 1980 and
deaths were acquired through linkage to a patient-based database.
Deaths were classified according to the International Classification of Diseases, 9th
Revision (CVD codes 390-459) and 10th Revision (CVD code I01-I99). In order to limit reverse
causation, participants were excluded from the analysis if they had previously experienced a
nonfatal cardiovascular event or had previously diagnosed CVD.
Statistical Analysis
The primary outcomes of interest were 1. incident CVD (combined fatal and non-fatal
events incorporating acute myocardial infarction, coronary artery bypass surgery, percutaneous
coronary angioplasty, stroke, and heart failure) and 2. all-cause mortality. Blood pressure was
divided into four categories; systolic blood pressure < 120 mmHg, 120-139 mmHg, 140-159
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-89 mmHg, 90-
100 mmHg, with both systolic and diastolic blood pressure analysed in separate models. Cox
proportional hazard models were used to calculate risk of CVD incidence (fatal and non-fatal
events combined) and all-cause mortality. We first analysed the main effects of blood pressure
(systolic and diastolic) and physical activity on incident CVD and mortality. The analyses were
subsequently repeated using an interaction term within our Cox proportional hazard model.
Covariates included age and sex for Model 1, and age, sex, smoking status (never smoked,
former smoker, current smoker), family history of hypertension (yes/no), social class (Registrar
General classification I/II, III non-manual, III manual, IV/V), and CVD medication usage (blood
pressure- lowering, and lipid-lowering, including statins)for Model 2. Secondary analyses
examining hypertension status and physical activity were also conducted using the same set of
covariates as defined above. All analyses were performed using SAS version 9.4 for Windows
(SAS Institute Inc., Cary, NC).
RESULTS
Participant characteristics
A total of 16,144 participants were included in the surveys, although 3,036 participants
(18.8%) did not consent to follow up and were removed from the analyses. The 884 subjects
(5.2%) who reported a history of cardiovascular disease or who experienced an event within the
first 12 months of follow up were also excluded. Additionally, 3,477 participants (21.5%) were
visit. Thus a total of 8,747 participants (age: 53.5 years, 57% women) were included in this
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analysis. The participant characteristics are displayed in Table 3.1. Over a mean follow period of
7.1 years there were 851 deaths, 30.3% of which were cardiovascular disease, and 995 (11.4%)
of the participants had at least 1 CVD event.
CVD: Main & Interaction Effects
The results showed a significant main effect for physical activity, such that the most
the lowest rate of CVD incidence in the systolic (p
< 0.01) and diastolic (p <0.01) blood pressure models. Main effects of systolic (<0.0001) and
diastolic (<0.001) blood pressure were also significant (Model 1). With the additional covariates
(Model 2), main effects of blood pressure were maintained (systolic, p <0.001; diastolic, p
<0.01); however physical activity was no longer significant. Hazard ratios (HR) and 95%
confidence intervals (95%CI) for the main effects of physical activity and blood pressure models
are presented in Tables 3.2 and 3.3 (systolic and diastolic, respectively).
The interaction model showed a significant interaction between physical activity and
systolic blood pressure (p = 0.033). The interaction maintained significance in Model 2 (p =
0.014). Figure 3.1 shows the Hazard Ratios for the interaction between physical activity and
systolic blood pressure (see discussion for a description of the interaction). There was no
interaction between physical activity and diastolic blood pressure for Model 1 or 2.
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All-cause Mortality: Main & Interaction Effects
The Hazard Ratios and 95%CIs for the main effects of systolic and diastolic blood
pressure and physical activity on all-cause mortality can be found in Table 3.4 and 3.5,
respectively. The results (Model 1) indicate a main effect of systolic blood pressure (p = 0.01)
and physical activity (p = 0.004); however, physical activity did not maintain significance in
Model 2 (p = 0.055). Significant main effects of diastolic blood pressure (p = 0.043) and physical
activity (p =0.003) were observed for all-cause mortality for Model 1. No significant main
effects were found in Model 2. No significant interactions were observed between systolic blood
pressure and physical activity, nor between diastolic blood pressure and physical activity (both
Models 1 & 2). See Figure 3S1. in the Supplemental Materials.
Hypertension Status
Hypertension status showed a significant main effect on CVD (p<0.0001) such that being
hypertensive increased the risk of CVD (HR: 1.84, 95%CI: 1.54, 2.02) (Model 2). There was no
significant main effect of physical activity and no interaction observed. No significant main or
interaction findings were observed for all-cause mortality. See Figures 3S.2 and 3S.3 in the
Supplemental Materials.
DISCUSSION
The findings of our study show similar results as previous reports in terms of the main
effects for blood pressure and physical activity on CVD and mortality.(114) However, this is the
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first paper to explore both of these outcomes using an interaction term between the two variables.
The inclusion of non-fatal CVD events is an important addition to the analyses because prior
events are a significant source of morbidity leading to increased risk of all-cause mortality,
reduced quality of life, and increased health care costs.(121-123)
We found an interaction effect of physical activity and blood pressure for major CVD
events, but not for mortality. As seen in Figure 1, <1 bout of physical activity per week increases
risk of CVD events in individuals with systolic blood pressures of 120-139 mmHg
(prehypertension) and 140-159 mmHg (stage 1 hypertension), with no difference between those
who do 1-
groups, any level of physical activity is beneficial for preserving cardiovascular health. In the
grouping of participants with systolic blood pressure > 160 mmHg (stage 2 hypertension), there
was no change in risk across physical activity levels. Thus, physical activity of any volume does
not benefit these hypertensive participants indicating that aggressive pharmacotherapy or
multiple health behaviour changes in this group may be needed to reduce the risk of CVD events.
We also observe an unexpected pattern of risk for the participants with systolic blood pressure
<120 mmHg. Compared to the most active group, the data show an increased risk of CVD events
for those who do not meet optimal physical activity levels (i.e., 1-4 bouts/week), which is
consistent with previous literature,(124-126) and no change in risk in the lowest physical activity
group, which is inconsistent with the previous literature. Though there does not seem to be a
clear explanation for the lack of a difference in the CVD event risk between those normotensive
participants doing the highest and the lowest levels of physical activity, we can speculate as to
why we saw this. The lack of difference suggested there was perhaps some protective
characteristic attributed to this group. Based on the literature reporting that blood pressure
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increases with age,(127) and the idea that perhaps age would be protective (i.e., negating the
potential harms of inactivity, younger individuals might not yet present with high blood
pressure), we explored whether there were age differences across the groups. However, the
analyses did not show an age difference, indicating that this could not account for the finding. It
is possible that the finding was spurious, and it would be important to see if this was replicable in
other similar studies. If this is the case then a potential mechanism would need to be explored.
The lack of interaction between physical activity and all-cause mortality, however, may
indicate that the effects of physical activity on overall longevity seen in other studies are likely
moderated by other variables. For example, physical activity has been associated with healthy
weight management, improved mental and vascular health markers, and quality of life.(100, 128-
130) In addition, evidence suggests that physical activity directly impacts vascular wall function,
therefore improving cardiovascular risk beyond traditional risk factor modification.(131) Visual
inspection of Figure S1, suggests that in those patients with systolic blood pressures up to 160
mHg, there are improvements in mortali
compared to those doing no discernible activity (< 1 bout per week). It may be that reducing
sedentary behaviours, which has been shown to increase the risk of incident hypertension and
impaired vascular function independent of physical activity,(132, 133) may be more impactful
that increasing physical activity in these groups. However, given that this is a non-significant
finding and we did not actually measure sedentary behaviours these need to be assessed
appropriately in future studies.
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Limitations
Our study has several limitations. Data on physical activity was acquired through self-
report questionnaire which could be a source of bias.(109) However, the measures were
validated with accelerometry.(119) Underlying disease may have introduced potential bias into
our analyses, because participants with poorer health might have been less likely to participate in
more vigorous activities. However, we took robust measures to address reverse causation by
removing any participants with clinically confirmed CVD at baseline and participants who had
experienced any events in the first year of follow-up, and making statistical adjustment for
indicators of underlying disease such as use of CVD medication. Lastly, another limitation was
that we did not take into account diet or salt intake, which are important factors to consider with
respect to blood pressure. We did not perform additional multi-variable adjustments for other
clinical risk markers such as body mass index, cholesterol, and inflammatory markers, since
these might be mechanisms on the causal pathway explaining the cardio-protective effects of
physical activity.(118) Finally, despite reinforcing what we have previously seen, our results
from a large, contemporary sample also raise questions about the strength of the associations and
type of relationship (e.g., moderation, mediation, causality) between physical activity, blood
pressure, and CVD and mortality. It is prudent to note that despite the added support for
associations, and inference of moderation and assumptions of causality cannot be made from




Whilst there is strong evidence of a relationship between physical activity and blood
pressure, the observations from the present study suggest the two do not interact together to
influence mortality, and may interact to impact CVD development, despite showing main effects
for each variable. Further research is warranted to determine the exact mechanisms by which
blood pressure and physical activity may exert CVD and mortality-reducing effects.
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FIGURES




Table 3.1. Participant characteristics.
Physical Activity Groups
All <1 bout/week 1-4 bouts/week
N 8743 5751 1583 1409
Age (years) 53.5 ± 12.1 53.9 ± 12.4 51.8 ± 11.4 53.1 ± 11.5
Sex (% women) 4979 (57) 3249 (56.5) 942 (59.5) 788 (55.9)
SBP (mmHg) 136.7 (20.2) 137.2 (20.5) 135.7 (19.7) 135.9 (19.7)
DBP (mmHg) 75.6 (11.6) 75.6 (11.6) 75.4 (11.5) 76.3 (11.6)
% Hypertension 2819 (32.2) 1930 (33.6)) 463 (29.3) 426 (30.2)
Smoking
never 3711 (42.5) 2383 (41.4) 729 (40.1) 599 (42.5)
previous smoker 2599 (29.7) 1682 (29.3) 477 (30.1) 440 (31.2)
current smoker 2433 (27.8) 1686 (29.3) 377 (23.8) 370 (26.3)
Family history of
hypertension (% yes)




1624 (28.2) 537 (33.9) 458 (17.5)
III non-manual 1360 (15.6) 843 (14.7) 296 (18.7) 221 (15.7)
III manual 2583 (29.5) 1814 (31.5) 405 (25.6) 364 (25.8)
IV+V part
skilled/unskilled 2092 (23.9)
1409 (24.5) 330 (20.9) 353 (25.1)
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other 89 (1) 61 (1.1) 15 (1) 13 (1)
Medication (% yes)
BP-lowering 1730 (19.8) 1237 (21.5) 262 (16.6) 231 (16.4)
Lipid-lowering 336 (3.8) 252 (4.4) 41 (2.6) 42 (3.1)
CVD Events 995 (11.4) 690 (12) 154 (9.7) 151 (10.7)
All-cause mortality 851 (9.7) 609 (10.6) 131 (8.3) 111 (7.9)
Follow-up (months)
Mortality 101.7 ± 39.2 99.4 ± 38.9 109.5 ± 39.2 102.3 ± 39.4
CVD 99.5 ± 39.9 97.1 ± 39.6 107.7 ± 40 100.1 ± 39.8
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Table 3.2. Hazard ratios and 95% confidence intervals for the main effects of systolic blood
pressure and physical activity on CVD.




120-139 0.93 (0.75, 1.14) 0.84 (0.77, 1.16)
140-159 1.15 (0.93, 1.43) 1.21 (0.91, 1.39)
1.55 (1.22, 1.96) 1.45 (1.15, 1.84)
Physical Activity
5+/week Ref
1-4/week 0.88 (0.71, 1.11) 0.91 (0.73, 1.14)
<1/week 1.15 (0.96, 1.37) 1.08 (0.90, 1.28)
Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, smoking, family history of
hypertension, social class, blood pressure- lowering medications, and lipid-lowering drugs
Table 3.3. Hazard ratios and 95% confidence intervals for the main effects of diastolic blood
pressure and physical activity on CVD.
Model 1 Model 2
Diastolic Blood Pressure
<80 Ref Ref
80-89 1.11 (0.95, 1.29) 1.13 (0.97, 1.31)
90-99 1.28 (1.04, 1.58) 1.22 (0.99, 1.51)
1.83 (1.35, 2.47) 1.67 (1.23, 2.26)
Physical Activity
5+/week Ref Ref
1-4/week 0.90 (0.72, 1.13) 0.92 (0.74, 1,07)
<1/week 1.17 (0.98, 1.39) 1.08 (0.91, 1.23)
Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, smoking, family history of
hypertension, social class, blood pressure- lowering medications, and lipid-lowering drugs
67
Table 3.4. Hazard ratios and 95% confidence intervals for the main effects of systolic blood
pressure and physical activity on all-cause mortality.




120-139 0.827 (0.66, 1.03) 0.88 (0.71,1.01)
140-159 0.91 (0.72, 1.14) 0.96 (0.77, 1.21)
1.13 (0.88, 1.45) 1.17 (0.91, 1.50)
Physical Activity
5+/week Ref Ref
1-4/week 1.07 (0.83, 1.38) 1.10 (0.85, 1.42)
<1/week 1.33 (1.09,  1.63) 1.26 (1.03, 1.54)
Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, smoking, family history of
hypertension, social class, blood pressure- lowering medications, and lipid-lowering drugs
Table 3.5. Hazard ratios and 95% confidence intervals for the main effects of diastolic blood
pressure and physical activity on all-cause mortality.
Model 1 Model 2
Diastolic Blood Pressure
<80 Ref Ref
80-89 1.06 (0.90, 1.25) 1.08 (0.92, 1.28)
90-99 1.08 (0.85, 1.37) 1.05 (0.83, 1.33)
1.62 (1.16, 2.27) 1.52 (1.09, 2.13)
Physical Activity
5+/week Ref Ref
1-4/week 1.08 (0.84, 1.39) 1.11 (0.86, 1.43)
<1/week 1.35 (1.10, 1.65) 1.26 (1.03, 1.55)
Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, smoking, family history of
hypertension, social class, blood pressure- lowering medications, and lipid-lowering drugs
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SUPPLEMENTAL MATERIALS
Figure 3S.1. Plot of hazard ratios for the impact of levels of systolic blood pressure on all-cause
mortality according to physical activity group; A. < 1 bout per week; B. 1-4 bouts per week; C.
5+ bouts per week
Figure 3S.2. Plot of hazard ratios for the impact of hypertension status on cardiovascular events
according to physical activity group; A. < 1 bout per week; B. 1-4 bouts per week; C. 5+ bouts
per week. HT: hypertension.
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Figure 3S.3. Figure S2. Plot of hazard ratios for the impact of hypertension status on all-cause
mortality according to physical activity group; A. < 1 bout per week; B. 1-4 bouts per week; C.
5+ bouts per week. HT: hypertension.
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Preamble
To continue building from the missing elements in the systematic review and the interaction
analyses, we examined data from the Honolulu Heart Program. This data provides us with the
opportunity to examine the relationship between physical activity and blood pressure on CVD
events and mortality in the context of a formal causal inference model because of the repeated
measurements at multiple time points. These models (i.e., Marginal structural models) take into




Background: The purpose of this study was to evaluate the relationships between physical
activity, blood pressure (BP), mortality and major adverse cardiovascular events (MACE).
Methods: This study comprised analyses of a longitudinal, observational study, the Honolulu
Heart Program (n=8006 men). Physical activity (measured by self-report questionnaire) and BP
were both assessed at three time points; Exam 1 (1965-68), Exam 2 (1968-71), and Exam 4
(1991-93). Marginal structural Cox models and Marginal structural models for repeated
measures were used to estimate: 1) the separate effects of physical activity and BP on mortality
and MACE; and 2) the effect of physical activity on BP. Results: Being physically active was
associated with a reduced rate of mortality (Hazard Ratio (HR) = 0.68, 95% confidence interval
(CI) = 0.60 to 0.76) and MACE (HR= 0.84, 95% CI: 0.75 to 0.93) by 32% and 16%,
respectively. BP was shown to have a dose-dependent relationship with both mortality and
MACE whereby increasing BP was related to more events. Active participants showed a
significant decrease of 2.47 mmHg (95%CI, -3.46 to -1.48) in systolic BP compared to the
inactive group. No change in diastolic BP was observed. Conclusions:We studied the
relationships between physical activity, blood pressure, mortality, and MACE, applying novel
statistical models which account for covariate variation over time. In conclusion, the results
support that being physically active is associated with better outcomes and that BP may be a
mediator of the relationship between physical activity and mortality.
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INTRODUCTION
Findings have indicated a dose-response association between BP and mortality, where
increasing BP increases risk of death, and an inverse dose-response relationship between
physical activity and mortality have been demonstrated.(39) A variety of previous studies have
shown that physical activity is associated with reduced risk of mortality in people with high
BP.(114) These studies have all taken a traditional approach using data collected at a single time
point, usually at the point of entry into the study, then followed participants for a determined
length of time, censorship point, or death, using standard Cox proportional hazards models to
quantify the effects.(114) One issue with these studies is that the models did not account for
changes in the exposure (e.g., BP or physical activity) occurring over time, and thus did not
allow for understanding how these changes may impact survival.(114)
The purpose of this study was to evaluate the following relationships: 1) the effects of
physical activity and BP on mortality and major adverse cardiovascular events (MACE); and 2)
the effect of physical activity on BP, while allowing for the exposure and any covariates to
change over time. In doing so, a secondary objective was to examine the role of BP as a mediator
of the physical activity-survival/MACE relationships. We explored this in the Honolulu Heart
Program (HHP) dataset, which followed the same cohort of Japanese-American men for an
extended period of time (1965-1994) with multiple follow-up periods between baseline and
censorship. We used Marginal structural Cox models (MSCMs) and Marginal structural models
(MSMs) for repeated measures to estimate the aforementioned relationships.(134) Unlike Cox
models with time-varying exposure and covariates, these recent models are recognized to be
appropriate to estimate causal relationships in longitudinal settings when there exists time-
dependent confounders that are affected by previous exposure.(44, 135) Under the assumption of
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no unmeasured confounders, MSMs allow one to replicate the results that would have been
observed under a sequentially randomized experiment when utilizing observational data.
However, it would be practically impossible to carry out a true randomized experiment on
physical activity with such a long follow-up period. As such, the current study could provide a
unique look at the evolving relationships between physical activity, BP, and subsequent,
mortality and MACE, which, to our knowledge, no previous studies have done.
METHODS
The Honolulu Heart Program
The HHP is a longitudinal study of 8006 Japanese-American men living on the island of
Oahu, Hawaii. Participants were recruited between 1965 and 1968 from a listing of service
registrants and were between the ages of 45-68 years.(136) The data collection protocol has been
previously described.(137) These secondary analyses of the original dataset are based on four
examinations; Exam 1 (1965-68), Exam 2 (1968-1971), Exam 3 (1971-1975) and Exam 4 (1991-
1993). All covariates (age, employment status, body mass index, smoking status, and anti-
hypertension medication usage) included in the analyses were time-varying. These variables
were selected because of their clinical relevance and they were consistently measured across
most of the examinations. Approval for these analyses was obtained from the Concordia
University Human Ethics Committee (UH2012-025).
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Physical Activity
Physical activity was measured at three time points (Exams 1, 2, and 4) by self-report
questionnaire. At Exams 1 and 4 participants reported the number of hours/day spent in each of 5
physical activity levels: no physical activity (sleeping, lying down, or reclining); sedentary
activity (sitting or standing); slight activity (casual walking); moderate activity (gardening or
light carpentry); and heavy activity (lifting, shoveling, or digging). At Exam 2 participants were
asked one question about their physical activity at work and one about their physical activity at
home using
standardize physical activity across the three time points, we created a binary physical activity
variable where participants were defined as active if they reported any moderate or heavy
Exam 2 (see Supplemental Materials for validation of this method).
Blood Pressure
BP was measured at all exams using a mercury manometer by a trained individual (nurse,
technician, or physician). Measurements were taken in a resting, seated position. Diastolic BP
(DBP) was considered as the fifth Korotkoff sound. For the purposes of these analyses, serial BP
measurements were averaged. Additional information regarding BP measurement at each
examination is available in the Supplemental Materials.
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Surveillance and Outcomes
Mortality and cardiovascular morbidity were continually monitored from the inception of
data collection through to the censorship point (December 1994) via hospital admission and
discharge records, obituaries, and death certificates. MACE was defined as any fatal or non-fatal
myocardial infarction or stroke, coronary artery bypass graft, acute coronary insufficiency,
coronary angioplasty, or other cardiac surgeries.
Data treatment
As per recommendation we used age as the time-scale for survival time; that is, survival
time was defined as the number of days between birth and death.(138, 139) For individuals who
did not die during the study, survival time was right censored at the time of their last examination
if they did not attend Exam 4, or at the end of follow-up (December 1994), otherwise. Time to
MACE was defined analogously to survival time.
Systolic BP (SBP) and DBP were divided into four categories following standard
classifications.(20) Specifically, SBP was categorized as: <120mmHg, 120-139mmHg, 140-
159mmHg and 160mmHg and DBP as: <80mmHg, 80-89mmHg, 90-99mmHg and
100mmHg. For both the MSCMs and the MSMs, we built an augmented dataset where each
subject-Exam corresponds to one row. If a row contained missing values for at least one variable
required to estimate a given effect, then it was not considered for that estimation (listwise
deletion was performed). See Supplemental Materials for each detailed effect estimate.
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Building a Directed Acyclic Graph
As suggested by Hernán et al. (2002) we first drew directed acyclic graphs (DAGs) to
represent the relationships between all clinically relevant variables using substantive prior
knowledge.(140) Two DAGs were created in total; one for the triplet of physical activity, BP,
and survival, and another one for the triplet of physical activity, BP, and MACE. The DAGs
were created for triplets of variables, instead of producing DAGs for each relationship of interest,
in order to examine mediation of the effect of physical activity on each outcome through BP,
with each DAG differing only by the outcome (survival or MACE). We assessed the goodness of
fit of the proposed DAGs using structural equation models, with minor modifications made to
improve fit. For each relationship investigated, we used Pearl's back-door criterion on the final
DAGs to identify the set of confounding covariates at each time point.(141) For a brief overview
Shpitser.(142) The final DAG equations for survival are detailed in the Supplemental Materials
as an example.
The effects of physical activity and BP on the outcomes
We used a MSCM to estimate the effect of current physical activity, that is the physical
activity level reported at the most recent exam, on survival and MACE.(143, 144) We used
normalized basic stabilized inverse probability of treatment weights in the MSCMs to account
for time-dependent confounding, as per the DAGs, using logistic regression models to calculate
the weights.(134, 135) Weights were truncated at 100 at each time point to limit the impact of
outlying individuals to notably influence the results. We also used MSCMs to estimate the effect
77
of different levels of BP (SBP, DBP) on survival and MACE. Due to the ordinal nature of the BP
exposure covariates, the weights were calculated with ordinal logistic regression models.
The effects of physical activity on BP
We used MSMs for repeated measures to estimate the effect of current physical activity
on current SBP and DBP, separately.(145) Our MSMs allowed for the estimation of the effect of
the physical activity level reported at a given exam on the BP measured at that same exam,
simultaneously for all three exams (>18,000 person-exams). We used both inverse-probability-
of-treatment weights and inverse-probability-of-censoring weights to account for time-dependent
confounding and censoring.(145) Again we used logistic regression models to calculate the
weights, and a similar truncation strategy was adopted.
Statistical Analysis
We used R package LAVAAN to build the DAGs.(146, 147) SAS version 9.2 was used
for all other analyses. The PROC PHREG command was used to fit the MSCMs and PROC




The analyses examined 8006 male participants (54 ± 6 years old). Approximately 4% of
participants (n=304) had a history of cardiovascular disease (myocardial infarction, stroke, or
heart failure) at baseline. The second and forth examinations included 7498 and 3845
participants, respectively. The average length of follow-up was 21.5 years (range: 0.1 years to
33.1 years). A total of 4879 deaths were reported from any cause. There were 1318
cardiovascular deaths and 3279 experienced a MACE. See Table 4.1 for participant
characteristics.
Physical Activity, Survival, and MACE
Over 80% of participants were classified as active at baseline (Exam 1), 88% were active
at Exam 2, and 75% at Exam 4. The results of the MSCM indicated active individuals had a 32%
reduced risk of mortality (Hazard Ratio (HR): 0.68, 95% confidence interval (CI): 0.60-0.76)
compared to the inactive participants. Risk of MACE was also significantly decreased in the
physically active participants compared to the inactive group (HR= 0.84, 95%CI: 0.75-0.93).
Blood Pressure, Survival, and MACE
Figure 4.1 and Table 4.2 display the results of BP on survival. These demonstrate a dose-
response relationship between SBP, DBP and risk of all-cause mortality. The results indicated
that higher BP was associated with increased risk of death. Pairwise comparisons showed a
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significant difference in risk between all BP groups except for the two lowest SBP categories and
between the 80-89 and 90-99 mmHg categories of DBP (see Supplemental Materials).
Similar results were observed for MACE (see Figure 4.2 and Table 4.3). Risk of MACE
increased in a dose-dependent manner with higher SBP or DBP, e.g., there was a greater than
Pairwise comparisons also showed significant differences between SBP groups and DBP groups
(see Supplemental Materials).
Physical Activity and Blood Pressure
We observed a significant decrease of 2.47 mmHg (95%CI, -3.46 to -1.48) in SBP
between physically active and inactive participants. No change in DBP was observed between
the physically active and the inactive groups (0.26 mmHg; 95%CI, -0.22 to 0.75).
Sensitivity analyses
A first sensitivity analysis consisted of repeating the analyses described above, but
excluding participants with a history of cardiovascular disease at baseline (n= 304). Also,
MSCMs and MSMs for estimating the effect of the cumulative number of exams where
participants were physically active were performed. For comparison with the main results and
previous findings, we conducted crude analyses that did not account for confounding (i.e.,
unweighted versions of the MSCMs and MSMs). The results of the sensitivity analyses parallel
the main findings above (see Supplemental Materials).
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DISCUSSION
To our knowledge, this is the first study to use MSCMs and MSMs to simultaneously
report on the effects of BP and physical activity on both survival and MACE, while allowing for
time-varying exposure and covariates. The results demonstrated a dose-dependent relationship
between BP and the outcomes, mortality and MACE. Additionally, physical activity was found
to have a relationship with survival and MACE whereby active individuals had a lower rate of
both death and MACE compared to their inactive counterparts. Finally, those who were
physically active showed a decrease in SBP but no change in DBP. Taken together, these
analyses demonstrated that BP might mediate the physical activity-outcome relationships and the
beneficial effects of physical activity on our outcome measures may in part be due to
improvements in SBP.
Our analyses build from previous studies which have described a relationship whereby
people with lower BP have lower rates of all-cause and cardiovascular mortality.(114) A large
individual participant data meta-analysis demonstrated that strong, direct relationship between
BP and all-cause and vascular mortality in individuals above 40 years of age.(13) As with BP,
our findings regarding physical activity are similar to those noted in association studies.(149)
However, to our knowledge, this is the first report to take a formal causal inference perspective
to further develop this theory and investigate these relationships whereby participation in
physical activity decreases risk of all-cause mortality and MACE. The application of MSMs
allowed us to account for changes in BP and physical activity and explore the relationship over
time.
Most significantly, the application of MSCMs and MSMs for repeated measures, allowed
us to better examine the relationships between these variables. As previously stated, under ideal
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circumstances, marginal structural models can replicate the results from a sequentially
randomized experiment utilizing observational data. Based on these analyses, we have garnered a
more refined understanding of the relationships between physical activity, BP, and our outcomes
of interest, mortality and MACE, over an extended follow-up period.
We found a small effect of physical activity on SBP, which was consistent in direction
with, but slightly lower than, previous meta-analyses of aerobic exercise intervention studies,
where SBP decreases of 3-4 mmHg have been shown.(37) One explanation for this slightly
reduced effect may be that the HHP population had higher active levels than modern samples
and this may have created a ceiling effect. For example, over 80% of the HHP cohort were
defined as active at baseline, compared to 15% of Canadian and 30% of American adults who
are active enough to meet current physical activity guidelines.(150, 151) We hypothesized that
the effect of physical activity on mortality would be mediated by BP. However, the result above
suggests that the mediating effects of BP may be small and that physical activity may improve
outcomes through changes in multiple risk factors, which would include BP. For example,
physical activity has been shown to help maintain weight, and improve mental health, vascular
function, and overall health-related quality of life.(100, 128-130) In addition, evidence suggests
that physical activity directly impacts vascular wall function, therefore improving cardiovascular
risk beyond traditional risk factor modification. (131)
Two aspects of the current study which we could not assess but would be of interest for
future research are the roles of the dose (frequency, intensity, and duration) of physical activity
and sedentary behaviours. A more precise, objective measure, e.g., accelerometry, pedometry, or
a more discreet self-report scale, e.g., minutes per day of activity vs. hours per day, might have
allowed for a better assessment of effects of physical activity, than our discreet measure of
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physical activity. This point is especially important because previous,(80, 91) but not all,(152)
association studies have shown the physical activity-BP relationship may be intensity-dependent.
In addition, sedentary behaviours (
equivalents and sitting or reclining posture(153)) which were not captured in the current study
due to the required technology not being available, may be another important predictor of
outcomes.(154) Sedentary behaviours have been shown to be associated with both cardiovascular
and all-cause mortality in adults, independent from physical activity.(155) Thus it is important to
further elucidate the role of physical activity intensity and focus on distinguishing between
sedentary and activity intensities in the above relationships.
The results of the present series of analyses need to be interpreted within the context of
some limitations of the study. Firstly, the causal interpretation of the analyses rest upon the
assumption that the DAGs we have built are correct. Even though the final DAGs obtained were
supported by the data, they may still not be correct. For instance, some clinically important
covariates might not have been included in the DAGs, e.g., sodium consumption, because they
were not consistently available in this dataset. Second, the measurement of physical activity (i.e.,
the questionnaire items) lacked consistency between examination points within the study and not
all questions were discreet enough to develop a more comprehensive measure. However, we
qualified being physically active as participating in a minimum of one hour per day of moderate
activity which exceeds current guidelines and our method of standardizing the physical activity
measure was shown to be valid (see Supplemental Materials). Though BP was measured
according to standards at the time of assessment, more recent data suggests that automated BP
measurement is a more reliable predictor of risk and reduce white coat effect.(156, 157)
Therefore, more advanced methods of measuring BP may alter the findings presented herein.
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Also, based on the data available, we were unable to track changes in anti-hypertensive
medication usage beyond whether or not the individuals were taking medication. For example,
we were unable to determine exactly which medication they were taking and whether or not the
prescription changed over time (e.g., started treatment with a different class of drug or taking
multiple medications). Combination therapy has become increasingly common and can be
considered as an indicator of blood pressure control and severity of hypertension (158); thus,
whenever possible, it is important to account for changes in medication usage so as not to
overestimate the blood pressure-lowering effect of physical activity. It should be noted, however,
that limited types of anti-hypertensive medications were available at the inception of the
HHP,(159) and combination therapy was not yet recognized at that time.
Another limitation is the inclusion of only men in this cohort. Although no women were
included in this study, previous findings suggest there may be sex-differences in the magnitude,
but not pattern, with respect to the BP, physical activity, and mortality associations.(39) Whilst
several studies have also shown dose-response associations between physical activity and
mortality (i.e., increased volume of physical activity is associated with increased life expectancy)
we were not able to confirm these because of a lack of consistent information across the follow-
up periods.(160, 161) However, our coarse measure of physical activity was able to detect a
significant difference in mortality and MACE rates between active and inactive participants.
Despite these limitations, there are a number of strengths to this study, notably, the large sample




In summary, our analyses show strong and positive dose-dependent associations between
BP and mortality/MACE. Moreover, physical activity was shown to be negatively associated
with mortality/MACE. Physical activity and SBP were also found to be negatively associated.
Since special attention was given to appropriately dealing with confounding, these associations
could be causally interpreted under the assumption of no unmeasured confounders. Taken
together, this suggests that physical activity is a determinant of mortality/MACE, with BP
mediating the relationship between physical activity and mortality/MACE. Our results thus
provide further support for recommending physical activity as a way to reduce risk of
mortality/MACE through BP reductions.
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Figure 4.1. Hazard ratios for effect of (A) systolic blood pressure and (B) diastolic blood
pressure on survival. Error bars represent 95% Confidence Intervals. Dashed line indicates
reference level (1.00).
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Figure 4.2. Hazard ratios for effect of (A) systolic blood pressure and (B) diastolic blood
pressure on Major Adverse Cardiovascular Events. Error bars represent 95% Confidence
Intervals. Dashed line indicates reference level (1.00).
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TABLES
Table 4.1. Baseline participant characteristics.
Characteristic Mean ± SD
N 8006
Age (years) 54 ± 6
BMI (kg/m2) 23.8 ± 3.1
Systolic blood pressure (mm Hg) 134 ± 21
Diastolic blood pressure (mm Hg) 82 ± 12
Physical Activity (n) 6494 (81%)
Smoking status (n)
Never smoker 2409 (30%)
Previous smoker 2094 (26%)
Current smoker 3502 (44%)
History of Cardiovascular Disease (n) 304 (2.5%)
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Table 4.2. Risk of all-cause mortality according to systolic and diastolic blood pressure
categories.
Systolic Blood Pressure Hazard Ratio
<120 mmHg 1.00 (Ref)
120-139 mmHg 1.01 (0.93, 1.09)
140-159 mmHg 1.41 (1.30, 1.53)
1.63 (1.48, 1.79)
Diastolic Blood Pressure Hazard Ratio
<80 mmHg 1.00 (Ref)
80-89 mmHg 1.16 (1.09, 1.24)




Table 4.3. Risk of MACE according to systolic and diastolic blood pressure categories.
Systolic Blood Pressure Hazard Ratio
<120 mmHg 1.00 (Ref)
120-139 mmHg 1.04 (0.94, 1.15)
140-159 mmHg 1.52 (1.37, 1.70)
1.69 (1.50, 1.92)
Diastolic Blood Pressure Hazard Ratio
<80 mmHg 1.00 (Ref)
80-89 mmHg 1.18 (1.09, 1.29)






Consistency of the Physical Activity Measurement
In order to test the validity of our approach to classifying physical activity, we built a 2x2 table
where individuals were categorized as being active/inactive according to two subjective
questionnaires. Participants were classified as active in the first questionnaire if they indicated
either much or moderate physical activity at home or on the job. Participants were classified as
active in the second questionnaire if they reported spending any time doing moderate physical
activity. We used Exam 1 as a reference because both self-report questionnaires were assessed at
this time point. Formal analysis indicates 83.7% concordance between these two physical
activity questionnaires ( = 0.42). Therefore, we deemed it appropriate to use this method to
create a binary physical activity variable (active/inactive).
Blood Pressure Measurement
Table 4S.1. Blood pressure measurement details at each examination.





Exam 1 3 Nurse (2), Physician (1) Left
Exam 2 4 Nurse (2), Physician (2) 3 Left, 1 Right
Exam 4 2 N/A Left
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Data Treatment










Table 4S.4. Results of pairwise comparisons for systolic and diastolic blood pressure on survival.
Comparison Systolic Blood Pressure Groups Hazard Ratio p
vs. 140-159 mmHg
vs. 120-139 mmHg
160 mmHg vs. <120 mmHg
140-159 mmHg vs. 120-139 mmHg
140-159 mmHg vs. <120 mmHg
120-139 mmHg vs. <120 mmHg




90-99 mmHg vs. 80-89 mmHg
90-99 mmHg vs. <80 mmHg
80-89 mmHg vs. <80 mmHg
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Table 4S.5. Results of pairwise comparisons for systolic and diastolic blood pressure on MACE.




140-159 mmHg vs. 120-139 mmHg
140-159 mmHg vs. <120 mmHg
120-139 mmHg vs. <120 mmHg




90-99 mmHg vs. 80-89 mmHg
90-99 mmHg vs. <80 mmHg
80-89 mmHg vs. <80 mmHg
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Sensitivity Analysis
The results below are those for the analyses excluding participants with a history of CVD at
baseline (n= 304). Note: these findings are similar to those reported in the whole sample.
Physical Activity, Survival and MACE
The results of the causal analysis indicate active individuals had a reduced rate of mortality (HR:
0.78, 95%CI: 0.71 to 0.85) compared to the inactive participants. Risk of MACE was also
significantly decreased in the physically active participants compared to the inactive group (HR=
0.86, 95%CI: 0.76 to 0.97).
Physical Activity and Blood Pressure
There was a significant decrease of 2.34 mmHg (95%CI, -3.35 to -1.33) in SBP between
physically active and inactive participants. No change in DBP was observed between the
physically active group and the inactive in either model (0.39 mmHg; 95%CI, -0.10 to 0.88).
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Blood Pressure
Table 4S.6. Risk of all-cause mortality according to systolic and diastolic blood pressure
categories excluding participants with CVD at baseline.
Systolic Blood Pressure Hazard Ratio
<120 mmHg 1.00 (Ref)
120-139 mmHg 1.01 (0.93, 1.09)
140-159 mmHg 1.40 (1.28, 1.52)
1.63 (1.48, 1.80)
Diastolic Blood Pressure
<80 mmHg 1.00 (Ref)
80-89 mmHg 1.16 (1.09, 1.25)




Table 4S.7. Risk of MACE according to systolic and diastolic blood pressure categories
excluding participants with CVD at baseline.
Systolic Blood Pressure Hazard Ratio
<120 mmHg 1.00 (Ref)
120-139 mmHg 1.042 (0.94, 1.15)
140-159 mmHg 1.52 (1.36, 1.69)
1.68 (1.48, 1.91)
Diastolic Blood Pressure
<80 mmHg 1.00 (Ref)
80-89 mmHg 1.23 (1.13, 1.34)




Table 4S.8. Results of pairwise comparisons for systolic and diastolic blood pressure on survival
excluding participants with CVD at baseline.




140-159 mmHg vs. 120-139 mmHg
140-159 mmHg vs. <120 mmHg
120-139 mmHg vs. <120 mmHg




90-99 mmHg vs. 80-89 mmHg
90-99 mmHg vs. <80 mmHg
80-89 mmHg vs. <80 mmHg
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Table 4S.9. Results of pairwise comparisons for systolic and diastolic blood pressure on MACE
excluding participants with CVD at baseline.




140-159 mmHg vs. 120-139 mmHg
140-159 mmHg vs. <120 mmHg
120-139 mmHg vs. <120 mmHg




90-99 mmHg vs. 80-89 mmHg
90-99 mmHg vs. <80 mmHg
80-89 mmHg vs. <80 mmHg
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Crude Results
The results below are the crude results obtained using an unweighted version of the MSCMs and
MSMs.
Physical Activity, Survival, and MACE
The crude results show that active individuals had a reduced rate of mortality (HR: 0.72, 95%CI:
0.70 to 0.78) compared to the inactive participants. Risk of MACE was also significantly
decreased in the physically active participants compared to the inactive group (HR= 0.76,
95%CI: 0.69 to 0.84).
Physical Activity and Blood Pressure
There was a significant decrease of 2.76 mmHg (95%CI, -3.71 to -1.81) in SBP between
physically active and inactive participants. No change in DBP was observed between the
physically active group and the inactive group (-0.06 mmHg; 95%CI, -0.55 to 0.43).
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Blood Pressure, Survival, and MACE






<120 mmHg 1.00 (Ref)
120-139 mmHg 1.10 (1.01, 1.20)






<80 mmHg 1.00 (Ref)
80-89 mmHg 1.06 (0.99, 1.14)
90-99 mmHg 1.14 (1.05, 1.24)
1.54 (1.38, 1.71)
HR: Hazard Ratio. 95%CI: 95% Confidence
Interval. Ref: Reference group.
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<120 mmHg 1.00 (Ref)
120-139 mmHg 1.47 (1.32, 1.63)






<80 mmHg 1.00 (Ref)
80-89 mmHg 1.30 (1.20, 1.42)
90-99 mmHg 1.61 (1.46, 1.77)
2.49 (2.22, 2.80)
HR: Hazard Ratio. 95%CI: 95% Confidence
Interval. Ref: Reference group.
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Table 4S.12. Crude results for pairwise comparisons for systolic and diastolic blood pressure on
survival.
Systolic Blood Pressure Hazard Ratio p
vs. 140-159 mmHg 1.14 0.0019
vs. 120-139 mmHg 1.44 < 0.0001
vs. <120 mmHg 1.59 < 0.0001
140-159 mmHg vs. 120-139 mmHg 1.26 < 0.0001
140-159 mmHg vs. <120 mmHg 1.39 < 0.0001
120-139 mmHg vs. <120 mmHg 1.10 0.0258
Diastolic Blood Pressure Hazard Ratio P
vs. 90-99 mmHg 1.35 < 0.0001
vs. 80-89 mmHg 1.45 < 0.0001
vs. <80 mmHg 1.54 < 0.0001
90-99 mmHg vs. 80-89 mmHg 1.07 0.1052
90-99 mmHg vs. <80 mmHg 1.14 0.0018
80-89 mmHg vs. <80 mmHg 1.06 0.0818
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Table 4S.13. Crude results for pairwise comparisons for systolic and diastolic blood pressure on
MACE.
Comparison Systolic Blood Pressure Groups Hazard Ratio P
vs. 140-159 mmHg 1.41 < 0.0001
vs. 120-139 mmHg 2.16 < 0.0001
vs. <120 mmHg 3.17 < 0.0001
140-159 mmHg vs. 120-139 mmHg 1.53 < 0.0001
140-159 mmHg vs. <120 mmHg 2.24 < 0.0001
120-139 mmHg vs. <120 mmHg 1.47 < 0.0001
Comparison Diastolic Blood Pressure Groups Hazard Ratio p
vs. 90-99 mmHg 1.55 < 0.0001
vs. 80-89 mmHg 1.92 < 0.0001
vs. <80 mmHg 2.49 < 0.0001
90-99 mmHg vs. 80-89 mmHg 1.24 < 0.0001
90-99 mmHg vs. <80 mmHg 1.61 < 0.0001
80-89 mmHg vs. <80 mmHg 1.30 < 0.0001
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CHAPTER 5 | DISCUSSION
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The main purpose of this thesis was to investigate the relationships between physical
activity, blood pressure, and mortality. In order to do so, we first conducted a systematic review
to identify and synthesize the literature on this theme.(114) The systematic review of literature
identified six articles with over 90,000 participants combined. Based on these studies we
concluded that regular physical activity was associated with reduced mortality (all-cause and
cardiovascular) in patients with high blood pressure.
Next, we built on the previous literature by conducting analyses examining the interactive
effect of physical activity and blood pressure on cardiovascular disease development (both fatal
and non-fatal events) and all-cause mortality in a modern cohort. The results of the Scottish
Health Survey analyses demonstrated an interaction between physical activity and blood pressure
on cardiovascular events, such that doing any level of activity for the blood pressure groups <160
mmHg reduced risk of CVD; however, for those with systolic blood pressure
was no change in risk. Though we observed independent main effects of blood pressure and
physical activity, the findings suggest that the two do not interact to impact mortality or
cardiovascular outcomes.
The final study has made major strides in assessing the causal relationships between
physical activity, blood pressure and mortality. Using advanced statistical techniques (i.e.,
Marginal structural Cox models and Marginal structural model for repeated measures) the
analyses from the Honolulu Heart Program demonstrated a dose-dependent, causal relationship
between blood pressure and mortality and cardiovascular disease development. Similarly,
physical activity was also causally related to mortality and cardiovascular disease whereby being
physically active reduced risk of death and disease. The results indicate that physical activity is a
determinant of mortality and cardiovascular events, and that BP may mediate this relationship.
114
Taken together, the results of these studies indicate that there is a relationship between
physical activity and blood pressure in terms of impacting risk of mortality and CVD. However,
nuances in the different measures of physical activity between the SHS and HHP should be
recognized. In the SHS, we examined three levels of physical activity, the highest of which
equates with current recommendations.(162) In comparison, we were only capable of deriving a
more crude binary categorisation (active vs. inactive) in the HHP study. When we combine the
results, it is important to acknowledge these differences. There was a clear relationship between
physical activity and blood pressure in the HHP. The interaction for CVD events in the SHS
showed that for lower levels of blood pressure (systolic blood pressure <160 mmHg) doing any
physical activity was protective of CVD risk, which is consisted with the HHP, but not for
mortality. From these findings, we might assess that volume of physical activity is an important
determinant of this relationship (at some levels of blood pressure), and needs to be further
explored.
The consideration of time-dependent variables in the HHP is a very novel and compelling
feature of the study and adds strength to the findings. A report by Petersen et al. (163) who
examined the impact of changes in physical activity over time (i.e., difference in physical
activity at time one vs. time two) showed that decreased physical activity with time increased the
risk of myocardial infarction, ischemic heart disease and mortality, and conversely that an
increase in activity lowered risk. These results nicely complement our findings and support
recommendations for being active throughout the lifecourse.
Another aspect to consider is what levels of blood pressure are most responsive to or
protected by physical activity. In the SHS, we noted that the interaction between physical activity
and blood pressure, although not fully understood, seemed to be driven by activity patterns in
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lower levels of blood pressure; thus, individuals with higher blood pressure may be less
protected by physical activity. This is not unlike the findings of Brown et al.(115) who showed
no interaction between physical activity, pharmacological antihypertensive treatment and blood
pressure control. Meaning that whether or not blood pressure is treated or controlled does not
interact with physical activity in hypertension.
Thus, the findings of this thesis further questions the subtleties of these relationships
which are important to understand to be able to inform and guide clinical practice. If we return to
the initial findings of the systematic review,(114) there were strong associations between
physical activity and blood pressure in the context of impacting risk of mortality in populations
with high blood pressure. It is equally important to acknowledge that there is strong support for
mechanisms by which physical activity directly and indirectly impact blood pressure.
Mechanisms
Although the evidence from two of the three studies in this thesis makes a good case for
participation in regular physical activity to maintain a healthy BP and thus reduce negative health
outcomes, one study does not provide strong support for this pathway. Disagreement in these
studies might be due to the physiological mechanisms by which exercise exerts its effect; i.e.,
direct vs. indirect effects.
Exercise has been shown to induce favorable changes in hemodynamics mainly as a
result of increased shear stress on the luminal wall of the vasculature.(164) Exercise studies have
also shown links between Tumor Necrosis Factor- , Interleukin-6, the sympathetic nervous
system and the renin-angiotensin system. Aerobic exercise-induced decreases in vascular
resistance maybe mediated by inflammatory markers which influence changes in the sympathetic
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nervous system and renin-angiotensin system activity resulting in improved endothelial and
vascular function.(11, 94-97) In addition to changes in total peripheral resistance, decreased
plasma volume may also play a role.(35) Improvements in endothelial function have also been
seen in clinical populations, for example in patients with obesity,(99) or coronary artery
disease,(100) as a result of participation in physical activity. Thus, it is likely that many factors,
both direct (i.e., direct action on the vasculature) and indirect (e.g., inflammatory markers),
contribute to the improvement of BP with exercise training. It is also possible that these
pathways may have differentially influenced the populations studied across the thesis. However,
given that these potential mechanisms were not measured we cannot comment directly on their
relative effects.
Limitations
Certain limitations within the thesis need to be acknowledged. Firstly, all the data
regarding physical activity was self-reported, which is subject to
, or other psychological factors.(27) Secondly,
certain confounders (e.g., medication usage and dietary sodium) were missing or inadequately
reported for inclusion in the models, which could result in overestimation of the effect of
physical activity on blood pressure and subsequently hard cardiovascular outcomes. Also,
differences between sexes were not evaluated. Lastly, the possibility of selection bias across the
thesis should be noted. For example, in the Scottish Health Survey, over 3,000 participants did
not consent to follow-up, meaning we cannot establish the relationship between physical activity
and outcomes for this portion of the cohort. It is possible that these individuals may have been in
poorer health and thus not willing to participate further in the study. Thus, the results may be
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confounded in that the effect of physical activity may be overestimated. Also, in the Honolulu
Heart Program cohort, the individuals were of Japanese-American descent and recruited
specifically from a military service registry, and recorded physical activity levels much higher
than in the general population.(150, 151) Despite limited external validity in the Honolulu Heart
Program cohort, the homogenous geo-ethnic population, who lived on a remote island may have
very well controlled for missing variables which are considered limitations of the available data
(e.g., genetic and dietary factors). However, in both cases the sample cohorts may not be
representative of the general population, and may over report the effect of physical activity on
blood pressure, cardiovascular outcomes, and mortality.
Clinical Implications
The findings of this thesis suggest that physical activity acts with blood pressure in
reducing risk of all-cause mortality and cardiovascular events. This outcome supports
engagement in physical activity for longevity. There was no benefit, however, of physical
with systolic blood pressure <160 mmHg (i.e., stage 1 hypertension) did benefit from physical
activity. We also observed a continuous relationship between physical activity and blood
pressure in the HHP. Therefore, physical activity should continue to be recommended to
maintain healthy blood pressure. For stage 2 hypertensive patients, physical activity should
continue to be recommended given the widespread health benefits of being active.(165) The
findings of the causal model indicate that being physically active over time is beneficial, thus
activity should be constant throughout the lifecourse. In terms of volume of physical activity, we
see in the SHS that there were no significant differences in risk between the groups doing 1-4
bouts/week and 5+ bouts/week; thus, supporting the
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Future Directions
The findings from this thesis indicate there is a causal relationship between physical
activity and blood pressure. To further generalize the results presented herein it would be
necessary to not only repeat these analysis in various cohorts, but also to harmonize datasets
between studies to achieve a global perspective on the issue.(166, 167) The physical activity-
blood pressure relationship may be dose-dependent (i.e., higher volume of physical activity may
be related to lower blood pressure) and therefore further exploration of physical activity intensity
and volume is necessary. The goal being to identify the optimal level of physical activity, across
a range of blood pressures and comorbid conditions, in order to inform clinicians and direct
public health messaging. For example, findings from intervention studies have shown that
moderate intensity exercise was as effective as vigorous intensity in reducing resting blood
pressure in individuals with high blood pressure.(168) However, we, as yet, do not know whether
the reduction in blood pressure resulting from either moderate or vigorous intensity exercise
translate to changes in CVD and mortality. It may be the case that despite producing similar
changes in blood pressure, that moderate intensity would not be as efficient as vigorous exercise
for changing these longer term outcomes. The ability to harmonise and use the vast amounts of
data that already exist is an opportunity to explore questions such as this one, in order to guide
health care professionals and the general public. Having a large harmonised dataset would also
allow for further expansion of the already complex model presented in the HHP study by
including dietary factors (e.g., sodium and alcohol intake), psychological factors (e.g., anxiety,
depression), and examining cohorts with both sexes. Expanded models would also be appropriate
for examining the effects of other risk factors (e.g., body composition, cholesterol) on mortality
and CVD events.
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In addition to previous aerobic exercise recommendations for preventing and treating
hypertension (2, 53), the 2013 iteration of the Canadian Hypertension Education Program (169)
lifestyle recommendation also included a statement on resistance training (see Table 5.1) based
on the findings from meta-analyses of RCTs (see Appendix E).(46, 47) However, resistance
training has been typically excluded from longitudinal studies. Most have focused heavily on
general aerobic activity levels, walking, leisure time, commuting, and occupational activity
and/or sport participation. Thus, the association between resistance training and CVD or
mortality are unknown. Given that there is no major blood-pressure lowering effect with
resistance training, it is unlikely resistance training and blood pressure are related in the context
of reducing risk of mortality or CVD. This question, however, remains open to further
investigation.
Another matter to consider is sedentary behaviour, defined as any waking activity
r reclining posture,(170) a hot topic in
physical activity research at the moment. The total (combined direct and indirect) health care
costs of physical inactivity in Canadian adults have been estimated at $6.8 billion.(171) Some
literature has shown that sedentary behaviour throughout the day can be hazardous to
health.(132) Using time-stamped accelerometry data allows for the luxury of capturing
information to identify not only highly active periods of the day but also bouts of excessive
inactivity. Additionally, identifying the periods of the day where people might be most inactive
is of significant value. A recent report from Statistics Canada on the Canadian Health Measures
adults specifically at lunch time and children and adolescents are most active during lunch and
afterschool.(172) These periods correspond with off-work hours; intuitively, this makes logical
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sense. Such data aids in helping to develop strategies to overcome long stretches of inactivity,
e.g., standing desks and pedaling devices, which remain to be tested. Several studies have shown
that predominantly sedentary behaviors, e.g., time spent watching television and using motorised
transport, predict both cardiovascular and all-cause mortality in adult populations.(173-175)
These behaviours are also known to have various negative metabolic consequences,(132, 176-
178) even in the short term,(179) and also associated with obesity.(180) Additionally, it has been
suggested sedentary behaviours may directly affect vascular function.(132) Beunza et al.(133)
have previously shown that self-reported sedentary behaviours (e.g., time spent viewing
television, using a computer, driving sleeping, etc.) was associated with almost 50% increased
risk of incident hypertension. Therefore it is possible that the pathological mechanisms attributed
to sedentary behaviours may be responsible for the detrimental effects of physical inactivity on
blood pressure. And so future research should not only focus on the quantity and intensity of
physical activity in hypertensive cohorts, but also on sedentary behaviours such as television
viewing and driving and objectively measured sedentariness (as measured with accelerometry).
Final Conclusions
The findings from this thesis suggest there is a causal relationship between physical
activity and blood pressure, such that physical activity acts with blood pressure in reducing risk
of all-cause mortality and cardiovascular events. This outcome supports engagement in physical
activity over the lifecourse for longevity and maintenance of healthy blood pressure.
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Table 5.1. 2013 Canadian Hypertension Education Program recommendation for physical
exercise.(169)
For nonhypertensive individuals (to reduce the possibility of becoming hypertensive) or
for hypertensive patients (to reduce their BP), prescribe the accumulation of 30-60
minutes of moderate intensity dynamic exercise (eg, walking, jogging, cycling, or
swimming) 4-7 days per week in addition to the routine activities of daily living (Grade
D). Higher intensities of exercise are not more effective (Grade D). For nonhypertensive
or stage 1 hypertensive individuals, the use of resistance or weight training exercise (such
as free weight lifting, fixed-weight lifting, or handgrip exercise) does not adversely
influence BP (Grade D).
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       
        
        
         
       
         
     
        
       
      
        
         
       

    
   
     
       
      
      
     
      
     
     
      
       
 

                  
       
       
      
 
     
       
       
       
          
        
        
      
       
         
         
       
       
      
        
          
       
        
       
        
    
       
        
        
    
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  
  
       
   
   
  
  
     
  




     
     
        
 
        
       
         
       
       
   
          
          
       
       
         
         
           
       
       
          
         
      
     
        
         
        
        
        
      
      
       
         
       
        

            
     
         
           
        
        
        
  
       
        
      
       
        
       
           
          
       
       
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         
       
       
       
        
        
       
       
          
          
       
         
      
   
      
           
        
        
          
        
       
         
      
       
          
       
         
         
        
        
          
         
      
         
        
      
      
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       
       
       
        
       
       
      
      
     
        
         

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        
        
        
     
        
         
         
         
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        
         
          
           
         
        
        
       
        
       
        
         
        
    
      
           
       
       
        
       
        
        
        
        
       
 
        
      
       
       
      
     
         
    
         
         
       
      
          
        
       
 
    

        
          
     
      
        
        
         
       
       
             
       
      
        
       
        
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         
        
         
       
         
          
         
      
    
       
        
        
      
       
       
       
        
       
    

       
      
      
    
       
         
     
        
   
  
     

            
          
 
            
        
 
           
         
          
  
            
          
    
            
           
        
  
           
        
       
         
 
          
        
        
           
       
  
           
         
     
          
        
           
        

           
        

              
     
          
     
    
          
      
 
          
        
   
           
          
       
     
            
        
       
   
            
         
        
             
        
           
 
          
       
        
  
            
       
         
 
            
        
        

            
         
         
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        
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         
       
          
             
     
 
            
   
             
               
                  
                 
               
                
             
              
                
             
                
                  
                
                
               
               
 
      
             
 
    
    
             
 
              
                       
                    
                
                     
                       
                    
                 
                 
                 
                       
               
 
       
    
                   
         

          
                 
                  
              
            
   
                 
                          
              
                   
                 
                        
                  
              






        
      
                  




      
        
 
                
    
      
            
                
              
     
      
               
                    
         
     
                   
                    

  
      











    


                 
    
       
            
   
      
   
                    
                  
               
      
              
          
                    
              
                 
                   




   
 




   
   

      
      
  
                       
                 
 
           
               
             
        
                  
                     
                 
                 
                  
                   
               
      
                 
          
                   
                 
                  
               
               
 
            
   
     
               
               
               
               
                
       
     
              
     
  
 
      
     
    
     
       
                   
 
 
     
    
        
       
                 
                 
 

   
 
        

       
            
   

 
   
   

      
        

            
        
  
      
      
    
          
         
                 
 

      
 




   
      

      
             

       
       
            
   
                
   
  
      
      
    
          
          
    
            
             
                  
 

      
 
            
 




   
      

      
            

        
                   

   
                   
                
                
              
 
               
        
       
            
 
         
           
         
            
      
   
               
         
            
   
                
               
                 
             
                
 
     
  
                 
              
       
  
          
                 
                     
               
              
                 
              
   
              
           
                
              
            
                
                  
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             
             
             
             
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               
                
                 
             
                 
        
              
  
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             




   
         
 
                 
                
                 
       
              
               
            
      
     
                        
            
            
            
            
            
   
     
      
               
               
               
            
              
               
     
               
                
                  
                
        
                
                   
             
                  
              
               
                      
                 
                 
            
                
               
                
         
                 
                  
                 
         
        
               
             
              
            
               
         
       
          
      
      
      
      
        
   
            
   

          
 
                 
                  
              
               
                
 
                
                 
               
                
               
 

                
               
                
                   
             
     

               
    
                
          
               
 
                   
        

     
                  
               
              
                  
                
            
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          
             
           
            
         
            
            
            
             
           

            
             
               
            
            
               

           
 
             
            
             
           
           
            
            
             
              
          
          
              
              
            
            
           
           

    
  
             
                
            
              
                 
               
                 
             
               
             
          
             
           
          
   
            
             

           
            
              
              
    
             
             
             
             
          
           

             

                 
                      
    
            
            
              
              
           

                










   
             
            
   
           
     

        
      
             
                 
             
            
              
                  
               
            
              
  
        
             
             
               
               

               
        
         
              
            
             
    
                  
        
               
            
  
           
              
             
     
             
                 
  

              
 




   
       

                

    
               
               
               
              
             
          
              
                   
                




      
        


                  
                  
              
        
              
           
      

            
               
               
            
 
   
          
              
              
      
              

                
   
             
               
          
    
    
              
            
             
              
          
            
     
        

                
       
                
          
     
             
               
               
    
               
  
         
              
                
             
                 
          

       
             
             
      
                    
              
    
             
             
             




      
       
    

             
            
            
           
         
           
   

          
            

    
       
      
    
     
     
    
       
      
    
     
     
 
             
           
             
              
             

             
             
              
          
              
            
            
            


           
    
           
        

           
  
           
           
          
      

     
          
         
           
   
            
         

           
     
            
          
         
             
            
         

            
         
          
            
            
     
              
          
  
           
          
    

            
      
             


    
              
           
          
           
     
           
        
    
           
       
 
          
        


    
             
  
     
           
               
           
               
           
   
               
    
                
            
    
                 
           
          

             
                 
               
         
                 
              
             
                  
               
                 
    
      
              

              








     
  
     
        
    
          
           
                
 
               
          
         
           

          
               
         
         
           
             
      
                
        
         
           
               
             
          
            
            

             
            

        
        
             
     
          
  
   
     
 
  
   
     
   
            

             
        

              
         
            
            
     
                 
    
            
               

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       
          
         
         
           
        
           
          
         
           
             
        
        
              
          
           
          
         
        
   
       
     
        
         
       
         
       
         
       
   
 
     
               

      
        
     
          
          
        
    
          
         
         
       
       
        
        
          
        
          
       
           
        
      
     
        
      
         
         
           
        
          
       
       
      
          
        
        
     
        
             
        
          
           
        
        
        
        
        
         
        
          
          
        
        
      
       
       
          
        
       
       
        
        
  

    
     
      
     
      
        
       
        
      
     
      
          
       
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         
        
          
       
          
          
          
         
     
        
      
          
        
        
       
           
        
       
       
 
     
          
         
         
        
          
       
      
       
        
         
        
         
           
    
      
        
      
     
    
         
 
     
       
          
           
         
        
            
             
        
         
    
    
         
      
    

      
       
       
          
         
         
          
         
          
          
          
    
  
        
          
         
       
           
       
         
         
       
         
        
        
          
         
          
            
       
         
       
         
       
       
         
        
        
        
             
        
   
   
        
          
                      
                           
           
                      
                          
            
   
    
        
       
       
    
    
         
        
          
          
        
          
       
        
         
    
       
      
        
          
      
        
        
         
           
      
       
        
    
           
          
         
        
          
       
       
       
          
        

         
          
            
       
          
         
           
        
       
         
      
        
        
       
     
        
        
          
      
    

         
         
        
       

      
       
 
 
        
      
      
          
     
      

         

           
      
         
   
           
       
       
        
         
 
           
      
      
        
            
        
 
             
         
         
           

            
          
        
        
 
           
          
    
  
        
    
           
           
         
         
    
           
          
        
    
             
         
          
       
         
         
       

          
         
 
           
    
            
          
  
             
          

          
        
  
          
        

            
           

           
           
 
            
          
           
 
          
        

            
        
            
         

          
    
           
        
  
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               
    
               
                        
                 
                   
           
             
            
           
            
   
    

       
            
         
        
         
           
         
          
           
        
       
         
        
         
        
         
           
             
                
                 
                 

        
                          
                
                       





         
       
     
           
         
       
          
          
         
    
  

          
       
         
         
         
          
           
          
          
        
        
         
            
         
         
         
        
             
           
          
        
         
             
           
   

       
       
           
           
         
         
      
       
       
       
         
        
          
       
        
         

  
          
         
        
        
        
        
        
  
          
            
          
         
         
            
            
          
      
              
           
           
          
           
            
           
        
           
          
            
 
          
         
          
        
        
             
         
         
            
         
         
           
       
        
 
           
         
         
           
          
            
        
         
           
        
        
          
        
       
           
       
            
           
          
          

 
           
           
             
             
              
        
          
         
            
        
         
          
         
       
         
     
   
  

          
  
              
                
            
            
             
             
            
          
           
          
         

        
          
         
           
          
       
           
            
          
         
 
          
        
        
          
       
         
        
          
                 
                     
             
        
          
        
          
       
       
         
         
       
        
         
           
        
      
        
         
        
       
        
       
          
         
      
         
         
         
           
        
         
        
          
         
      
      
         
         
          
           
       
         
          
           
         
          
         
          
        
         
          
          
         
          
             
           
         
            
        
           
        
         
         
           
           
         
 
            
           
        
             
         
            
           
         
           
           
       
         
          
       
        
          
         
         
          
      
           
          
           
           
        
          
        
          
         
    
         
        
        
           
          
          
       
           
         
        
        
        
  
         
          
         
           
          
           
           
           
         
         
            
  

          
         
         
        
       
    
          
          
           
         
       
         
        
        
         
          
      

        
         
         
          
          
      
    

          

           
   
          
     
          
          
  
              
        
             
          

             
         
           
          
            

              
            

             
   
              
         
         

           
         
 
            
       
            
          
   
            
          
      
              
    
             
       
            
           
   
            
          

            
          
         
    
         
       
              
           
  
            
        
            
    
              
    
             
          

            
           
  
            
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                 
                
      
             
              
        
        
             
       
      
         
     
      
      
      
      
       
       
          
       
           
        
       
     
      
          
       
        
      
          
       
        
        




          
          
           
        
         
         
           
          
          
           
                  
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         
          
          
        
         
          
        
        
         
     

        
          
          
      
          
    
        
      
       
       
         
           
     
 
         
          
      
         
       
          
           
          
      
        
        
          
          
        
          
      
        
        
           
          
        
         
         
        
          

          
          
       
        
          
         
         
 
          
          
       
        
         
       
       
         
        
          
        
       
        
         
          
        
 
        
         
        
         
        
        
       
      
       
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          
        
        
        
          
        
         
       
        
        
        
        
         
        











        
        
          
         
           
         
         
        
        
          
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       
      
        
      
       
           
       
       
        
       
    
        
        
      
     
       
        
      
        
        
       
         
       
        
         
        
        
       
       
       
          
 
        
        
      
       
      
       
         
        
         
       
          
       
      
                  
     
  
 
                    
                       
                     
                       
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       
         
 
       
       
       
      
       
    

         
          
          
       
 
  
          




          
          
 
           
     
         
          
          
  
          
      
  
            
        
        
       

           
          
         
    
              
           
          
       

           
   
             
       
 
           
        

           
          
       
  
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         
 
           
         
       
           
         
       
           
            
            
         
         

            
         
         
        
        

          
          
             
        
         
         
  
          
         
         

         
         
      
             
        
        
       

            
        
        
   
            
       

           
        
   
           
         

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